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DURAFLO^ 

Biocompatible 
Treatment 


Improved Patient Outcomes. 
These are the goals of products and 
technologies that have been devel- 
oped over the years that are seen 
today as fundamentally essential, 
Biocompatibility is a 
new focal point to 
further enhance patient 
outcomes. It is this | 
focus that has led to the 
development and utiliza- 
tion of the Duraflo* 
biocompatible treatment 




^;^^: "«Tjrstans. In order tso fiirther improve patient out- ^ 
A . -v; ' : v-^jj^Qj^ a paradigm shift is taking place in the 


^'medical dwce iudiistiy to more biocompatible Vr 
J:pro!ductBnes,andBax^ 
'i^ isaithcleadingedge of this innovatiw trends 'r^^:;vJ^icJj:^;vV: 


Untreated 


Duraflc^ Treated : 


I v?^,^ - 



li: 
It. 

i 


Scanning electron micrographs ot PVC tubing atter 20 minutes of Wood recircuIaUon showing platelet adherents- 
(From LC Hsu: Perfusion 1991; 6: 209-219, wiUi permission.) 




.. ... . , respKjttse and potentially improves patient 

• i i f: butcomes m two ways. First the biocompatible 

• ■' T' ; ; ^^ 'tr^tment 'aH^ the normal sequence of plasma 
" ■ ' " adsorption on DurajBo* treated surfaces result- 
ing in reduced fibrinogen adsorption. 
.' Fibrinogen adsoiption is undesirable because 
.. fibrinogen is a precursor to fibrin (clot) and 

• . -- ; ^ • platelets adhere to surfaces contsdning fibrino- ^ 

V geiL The adhered platelets undergo morphologi- 
" ca2 changes and become activated -thereby' 
'■' forming platdet aggregates. With le$s fibrinof- 
: gen adsorption Duraflo* treated surfaces reduce 
■ • ' platelet activation, platelet Adhesion, and j)latelet 
depletion. 

SecondL the Duraflo* treatment interacts with 
: anti-thrombin ID and may inhibit contact 
T. i; enzymes such as Factor Xlla and kallikrein at 
• . the initial point of blood interactioa. 
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This preemptive interaction .lelps limit the acti- 
vatioa of the coagulatioa. complement, and fibi> 
nolytic systems - thus liimting the whole body 
infianunatory response. ' 

Is The DuraflcT Biocompatible Treatment's Use 

Limited To Certain Medical Devices? 

No. Although the primary applications to date 
have been in the cardiopulmonary bypass mar- 
ket, several projects are underway to apply the 
Duraflo* treatment to a wide range of medical 
devices. The Ehiraflo* treatment's anti-thrombo- 


Is The Duraflcr Blocomf*^ ^bte Treatment ^ .'j^:'-.. ^ : 
Technotogy Only Being Used On Baxter Devices? ' \.. 
No. Several Duraflo* treatment licenang agree- " 
ments have already been agned for non-Baxter 
products. In addition, multiple licensing agree- 
ments are presently being negotiated for addition- 
al products. AppUcations of the Duraflo* treatment 
technology are very broad and expanil across 
many areas of the medical device industry. 

What Are The Benefits Of Using The DuraflcT 
Biocompatible Treatment Over Other Coatings? . - - 

The Ehiraflo* treatment - 
has beien established as a ■ 
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rleparin-Bondea Surfaces in Extracorporeal 
Membrane Oxygenation for Cardiac Support 

Ludwig K, von Segesser, MD 

Clinic for Cardiovascular Surgery, University Hospital Ziirich. Switzerland 


Development of increasingly complex perfusion devices 
with bonded heparin allowed for significant ixnprove- 
tnent of Ihromborcsistance of most basic components 
required for cardiopuUnonary bypass. In his recent re- 
view of heparin-coated cardiopulmonary bypass circuits, 
Cravlee cited 91 references dealing with heparin-coated 
surfaces, and far more can be found if the »carch includes 
material technology or heparin-coated devices, not de- 
signed for cardiopulmonary bypass (eg, ventricular assist 
devices, hemofillers, catheters). The present review is 
focused on long-tenn application of heparin-coated 
equipment in conjunction with basic work on heparin 
bonding relevant for extracorporeal membrane oxy- 
genation. Experimental open chest cardiopulmonary by- 
pass using heparin-coated equipment without systemic 
heparinization up to 36 hours has shown improved 
thromboresistance, and better platelet preservation was 
demonstrated for perfusion with heparin-coated cardio- 
pulmonary bypass equipment up to 5 days in the exper- 
imental set-up. Similar findings were reported for roller 
pump perfusion with heparin-coated tubing and centrif- 


ugal pump perfusion with heparin-coated pump heads. 
More recently, heparin bonding was also made avaUable 
for oxygenators with true membranes that preclude 
plasma leakage. The available knowledge on clinical 
applications of heparin-coated perfusion equipment is 
mainly based on short-term applications like ours, which 
now includes more than 300 patients. Reduced postoper- 
ative blood loss and as a result fewer transfusions were 
the main benefits of heparin-coated equipment allowing 
for perfusion with low systemic heparinixation. There 
are only a few reports on long-term use of heparin-coated 
equipment for prolonged circulatory support. However, 
the longest clinical application of a single device is that 
of an intravascular gas exchanger that remained fully 
functional during a 29-day implantation period. Finally, 
it appears, that circulating protamine interacts with sur- 
face-bound heparin. ProUmine administration should 
therefore be avoided during perfusion with heparin- 
bonded equipment to mainUin the improved thrombo- 
resistance. 

(Ann Thorac Surg 1996:61:530 -5) 


Since their first description by Gott and associates in 
1963 in, heparin surface coating techniques for per- 
fusion devices have undergone significant evolution. Not 
only were chemical modifications made to improve the 
retention of heparin on a multitude of artificial surfaces, 
but the antithrombotic activity of the modified surfaces 
was also increased. Furthermore, the introduction of 
modem membrane oxygenators with systematic separa- 
tion of blood and gas flow paths enabled investigators to 
improve the entire blood-exposed surface of an extracor- 
poreal circuit including an oxygenator. 

Over the years, stepwise introduction of more and 
more complex perfusion devices vrith heparin surface 
coating resulted in significant improvement In thrombo- 
resistance of most basic devices required for cardiopul- 
monary bypass 121. Clinical appUcation of heparin-coated 
perfusion equipment Uking advanUgc of the improved 
thromboresislance to reduce systemic heparinization fol- 
lowed the progress made in the experimental set-up, at 
least for short-term appUcation 131. In his recent review of 

Prc*cnud at The TTiird Intrnutiona] Conf«rrnc« on CimjUlory Support 
Dcvicn (or Sever* C«rdijc FaUur*. Pittsburgh. PA. Oct 3B-3a 1»>4. 
AddrcM leprint requests to Or von Segesser, Clinic for CardiovaicuUr 
Surgery. University Ho»piut Riinistrasse 100. CH^l Zurich. S*»itier- 
Und. 


heparin-coated cardiopulmonary bypass circuits, Crav- 
lee 141 cites 91 references dealing with heparin-coated 
surfaces, and far more can be found in the recent litera- 
ture if the search includes material technology or hepa- 
rin-coated devices used outside of cardiopulmonary by- 
pass such as ventricular assist devices 151- However, there 
are only a few reports on long-term application of hep- 
arin-coated equipment and therefore we will review a 
number of the latter studies in conjunction with basic 
work on heparin-coated equipment relevant for extracor- 
poreal membrane oxygenation (ECMO). 

Open Chest Partial Cardiopulmonary Bypass 
With Heparin-Coated Equipment 

Aftei' a number of disappo'mting clinical experiences vnth 
long-term cardiopulmonary bypass after cardiotonty us- 
ing sUndard equipment with full systemic hepariniza- 
tiorv we have evaluated the potential of open chest 
perfusion with heparin-coated equipment in a canine 
model (6, 7]. Duraflo U (Baxter-Bentley, Irvine, CA) hep- 
arin-coated tubing sets including a heparin-coated flexi- 
ble venous reservoir, a heparin-coated heat-exchanger 
hollow-fiber membrane oxygenator structure, and a 
heparin-coated arterial filter were used. Open chest per- 
fusion (right atrium to aorta) without systemic hepa- 
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Fig 1, Carmeda Bio-Active System heparin-coated Maxima oxygen- 
ator carefully rinsed after venoarterial perfusion in a bovine experi- 
ment with low systemic hepannization: only minimal deposits are 
visible in the heat exchanger section. 

improved thromboresistance were documented for the 
heparin-coated ECMO circuits. 

True Membranes With Heparin-Coated Surfaces 

The Kolobow silicone rubber membrane lungs (previous- 
ly marketed under the Scimed brand) have been Uie gold 
standard for ECMO over many years. The silicone rubber 
blood- gas interface is acting as true membrane, which 
prevents plasma leakage as long as the integrity of the 
devices is not disturbed. Because of the uneven Eow 
patterns throughout the spiral membrane, however. 



Fig 2. Uttcortted Sams 3M centrifugal pump carefully rinsed afii 
left heart bypass in a bovine experiment without si/stewic hepa- 
nnization: challenging bovine experiments result in significant n 
peller deposits. 


Fig 3. Duraflo 11 heparin-coated Sams 3M centrifugal pump after 
left heart bypass in a bovine experiment without systemic hepa- 
riniiation: clean device. 

some degree of coagulation within the devices is not 
uncommon, especiaUy if low or no systemic hepariniza- 
tion is used. During prolonged ECMO procedures, de- 
creasing gas transfer requiring device exchange has 
therefore triggered several attempts "to produce heparin- 
coated oxygenators. Figure 4 shows an unrolled mem- 
brane segment of a heparin-coated Kolobow oxygenator 
(Ultrox; Avecor, Plymouth, MN) that was shidied in our 
laboratories after bovine experiments without systemic 
heparinizarion. The whole surface, including its borders, 
is macroscopically clean- Unfortunately, no heparin- 
coated Kolobov membrane oxygenator has been made 
available for clinical practice. 

A different concept was used in the diffusion oxygen- 
ator developed by Jostra Medizintechnik GmbH, Hirrlin- 
gen, Germany. This device is built from a pack of micro- 
porous plates that are covered by a tight silicone 
membrane. Hence, plasma leakage is virtuaUy impossi- 
ble. In bovine studies performed in our laboratories [17\ 



Fig 4. Unrolled segtnent of a heparin-coated Kolobow membrane 
oxygenator after vetioarierial perfusion in a bovine experiment with 
low systemic heparinization: borders are free of red clots. 



Fig 5. Bioline heparin-coated Jostra sitieone plate membrane oxy- 
genator carefxiUy rinsed after venoarterial perfusion in bovine exper- 
iments with low systemic heparinization: oxygenating comparttnent 
is free of red clots. 


the heparin-coated version (BioUne) appeared to have 
good antithrombotic properties (Fig 5), which have yet to 
be confirmed in clinical applications. 

Clinical Experience With Heparin-Coated 
Equipment 

Clinical application of heparin-coated perhision equip- 
ment for treatment of adult . respiratory distress syn- 
drome [18] foUowed successful shunting procedures with 
heparin-coated devices in repair of descending aortic 
aneurysms. There is now an increasing number of re- 
ports in the literature addressing ECMO in the manage- 
ment of cardiac faUure. Zwischenberger and Cox [19] 




Fig 7 Canueda Bio-AcHve System heparin-coated Bio-Medicus 
pump head caref.tlly rinsed after clinical left heart bypass with low 
systemic heparinization: dean device. 

refer to the ECMO registry of the Extracorporeal Ufe 
Support Organization (Thomas Tracy, St. LouU Univer- 
sity Medical Center, St. Louis, MO). By 1994, more than 
1,000 pediatric ECMO procedures for treatment of refrac- 
tory cardiogenic shock before or after repair of congenital 
heart defects with a survival rate of 44% were registered. 
Hemorrhage was the most common complication. There 
was also a group of adult patients (40 cases) who under- 
went ECMO for cardiac support with a 15% survival rate: 
Again, bleeding was the most common complication. 
Unfortunately, the data on file do not aUow distinguish- 
ing between procedures using standard perfusion equip- 
ment as compared with heparin-coated equipment, 

Klein and coUeagues [201 reported on 36 children 
supported with ECMO after repair of congenitol heart 
disease with a survival rate of 61%. All patients under- 
went venoarterial ECMO with standard circuits using 
Kolobov membranes (longest procedure, 215 hours). 
Bleeding related to heparinization was the most common 
compUcation and is probably the most important factor 
in the move toward heparin*coated perfusion equipment 



Fig 6. Durn/Io 11 hepariu-coaled UniiHJx oxygenator careftdly rinsed 
after clinical petfitsion with low systemic heparinizaHon: dean de- 
vice. 


Fig 8. Heparin-coated siliconized micrupoivus hollow fibers after 
egicient clinical intravasatlar gas exchange over 29 days: fttncHonal 
device. 


weaning from cardiopulmon; ^^.^ass »ftcr up to 56 
hours. Interestingly, the he^^.in-coated oxygenators 
functioned well throughout the perfusion period without 
systemic heparinizaHon. Furthermore, hemodynanucs of 
the animals perfused without systemic hepariiuzation 
were far more suble than hemod>'namics of those per- 
fused %%nth full systemic heparinization. Significantly 
higher blood loss was observed for the gro"P P«rfuscd 
vsrith full systemic heparinization. Hence, in the absence 
of homologous transfusions, perfusion using heparin- 
coated equipment without systemic heparinization al- 
lowed us to postpone the usual complications linked to 
venoarterial cardiopulmonary bypass *vith full systemic 
heparinization. 

Oosed Chest, Partial Cardiopulmonary Bypass 
With Heparin-Coated Equipment 

Toomasian and colleagues (81 evaluated Duraflo D- 
coated ECMO circuits in sheep. Venovcnous extracorpo- 
real circulation was maintained for 4 days. No heparin 
was given before or during 96 hours of perfusion. Hep- 
ariiv 20,000 U, was given after the 96-hour perfusion 
period only before the animals were electively sacrificed. 
There was no bleeding, no major thrombosis in the 
circuits, and no significant emboli after 4 days of extra- 
corporeal circulation v\ithout anticoagulation. 

Vcnovenous b>'pass using Carmeda Bio-Active System 
(CBAS; Carmeda, Stockholm. Sweden) heparin-coatcd 
oxygenators (Maxima; Medtronic, Anaheim, CA) without 
systemic heparinization in conscious sheep up to 5 days 
was reported by Motthagy and associates (9]. At no time 
was heparin administered. No complications occurred. 
Partial thromboplastin time and activated coagulation 
time remained within the physiologic range. Platelet 
count did not drop to less than 80% of baseHne values 
and hemolysis rates were negligible, whereas blood gas 
data remained normal during the entire extracorporeal 
circulation period. Interestingly, no plasma leakage re- 
sulting in decreased oxygenator performance was ob- 
served. J » 
Similar results were reported by Marcobn and col- 
leagues 110) for CBAS-coated oxygenators %vith an extra- 
corporeal blood flow of 500 mL/min and recirculation of 
2,000 mL/min provided by a second pump to maintain 
high oxygenator blood flows. The selected heparinized 
surface allowed them to mainUin 24-hour bypass with 
nonnal coagulation times at low circulating heparm lev- 
els. 

Figure 1 shows a CBAS-coated Maxima oxygenator 
with transparent housing that was rinsed after arterio- 
venous perfusion in bovine experiments. There are only 
minimal macroscopic deposits in the heat exchanger 
section. 

Roller Pump Peffusioi\ With Heparin-Coated 
Pump Loop 

Roller pump left heart bypass based on multiple Cott 
shunt assembly was our initial approach to acbve shunt- 


multiple surtace c ^ inClUQlligu.uooc^,o*.co.j.-... 
momum chloride . buraflo 11 [U], CBAS \2]. and finally 
phosphoUpids mimicking the membranes of blood ceUs 
1121 were studied. Improved thromborcsisUnce was doc- 
umented for all the surface modifications cited. 

Saito and coUeagues 1131 reported on 24-hour canine 
experiments using a seamless construction with hepa- 
rinized hydrophilic polymer (Anthron; Toray Industries, 
Tokyo, Japan) and a pump flow of approximately 30% of 
cardiac output. No thrombus formation was observed in 
the tubing sets after 24 hours of bypass, and there were 
no significant changes in activated coagulation time, 
prothrombin time, fibrinogen level and pUsma hemo- 
globin level. The level of fibrinogen degradation products 
remained less than 10 #ig/mL. No emboU were found at 
autopsy. 


Centrifugal Pump Perfusion With Heparin-Coated 
Pump Heads 

Left heart bypass using CBAS heparin-coated centrifugal 
pump heads (Bio-Medicus; Medtronic Eden Prairie, MN) 
and heparin-coated tubing sets with flows up to 4 Umin 
was realized in our laboratories in bovine studies 114]. 
Reduced blood loss despite open chests, improved fluid 
balance, and superior mixed venous oxygen saturation 
were found for heparin-coated equipment without sys- 
temic heparinization in comparison with standard equip- 
ment with full systemic heparinization. 

Van dcr Hulst and coUeagues 1151 looked at long-term 
centrifugal right heart bypass using Duraflo II heparin- 
coated centrifugal pump heads versus uncoated controls 
without systemic heparinization. Low flows between 400 
and 850 mL/min over 24 hours were used. Both coated 
and uncoated circuits remained patent at low flows. 
However, pulmonary emboli were found in some ani- 
mals of both groups (coated as weU as uncoated pump 
heads). 

We are studying the spinning impeller Sams centniu- 
gal pump (Sams 3M, Ann Arbor, MI) with Duraflo I! 
heparin surface coating versus uncoated controls m bo- 
vine experiments without systemic heparinization and 
flows up to 4 Umin (unpubUshed results). These pump 
heads aUow for a 50% reduction in priming volume m 
comparison vnth the above-mentioned Bio-Medicus 
pump heads and show promising preliminary results, A 
Duraflo D coated pump head and an uncoated control, 
rinsed after perfusion without systemic hepannization, 
«ho%rti In Figures 2 and 3. After the challenging 
bovine experiments *dthout systemic hepannization 
there U a dear difference with regard to impeUer deposiU 
in favor of the heparin-coated pump head. 

MatsuwaVa and coDeagues 116) reported an expen- 
xncnUl study evaluating heparin-coated pediatric centnf- 
ueal pumps in combination wi\h a hoUow-fiber mem- 
brane oxygenator. The simplified drcuit allowed for 
perfusion without a venous reservoir for 12 hours vntu a 
bypass flow of 500 mUmin. Effiderit gas exchange and 


v^-ith improved thromboresisUnc^ tO be able to reduce 
the need for systemic heparinization. 

Our diiucal experience %vith heparinKroated devices 
includes more than 300 patients who underwent mainly 
total cardjopulmonary bypass for open heart operations 
(21] or partial cardiopulmonary bypass for proximal un- 
loading and distal protection during repair of descending 
thoracic aortic aneurysms (221. Durafio n heparin -coated 
systems (Fig 6) have been preferred because of their little 
extra cost In both dted studies, reduction of systemic 
heparinization was closely linked to reduced postopera- 
tive blood loss, which in turn allowed for fewer transfu- 
sior\s and fewer surgical revisions for hemostasis. Cen- 
trifugal pumps with heparin -coated pump heads (Fig 7) 
were used for various types of support in 30 patients up 
to 6 days. 

However, the longest experiences with heparin-coated 
devices exposed to the blood stream we are aware of 
were achieved with intravascular gas exchangers. One 
single intravascular gas exchanger with heparin surface 
coating implanted in the.caval axis remained exposed to 
the blood stream for 29 days (23]. A photographic view of 
the explanted and carefully rinsed device is shown in 
figure 8. This experience demonstrates that longer ap- 
plications of heparin-coated surfaces are feasible. Inter- 
estingly, the membrane used in the intravascular gas 
^exchanger (24) is based on a siliconized microporous 
hollow fiber that is heparin coated. Sigruficant gas ex- 
change %vithout plasma leakage was obvious throughout 
the 29-day implantation period for this clinical case, who 
is a long-term survivor, 

Walter Dembitsky (Sharp Memorial Hospital, San Di- 
ego, CA; persona] communication) has had 11 patients 
who underwent ECMO for cardiac support with heparin- 
coated equipment. In his series, the longest perfusion 
was 119 hours 40 minutes and 30-day survival was 4 of 11 
(36%). 

Lazzara and colleagues (25] reported on ECMO for 
postcardiotomy cardiogenic shock in 11 adults using 
heparin-coated systems (C6AS heparin coating. Maxima 
oxygenator, Bio-Medicus vortex pump). Mean duration 
of support was 47.9 hours (range, 22.0 to 925 hours). In 
this group circulating heparin was neutralized with pro- 
tamine. No additional heparin was given for pump flows 
greater than 1 L/min. During perfusioa mean prothrom- 
bin time was 17 i 8 seconds, mean activafed partial 
thromboplastin time was 575 ^ 38 seconds, and activated 
coagulation time was 152 ^ 59 seconds. Despite perfu- 
sion without additional heparinization, bleeding was the 
most frequent complication followed by hemolysb and 
mechanical oxygenator change. Of the 11 patients, 8 
(73%) were weaned and 6 (55%) were discharged. Five 
(45%) are long-term survivors. Unfortunately, the infor- 
mation given by Lazzara and colleagues does not allow 
us to identify the cause of the described gradual oxygen- 
ator failures requiring device replacement during 
ECMO. We know from ECMO in patients with adult 
respiratory distress syndrome that progressive plasma 
leakage with decreasing oxygenator performance is a 
conrunon problem of microporous hoUow-fiber mem- 


I 

brane oxygenators even with heparin coating. Lazzara 
and colleagues state, however, that the heparin-coated 
oxygenators were not inert and activated the inflamma- 
tory or clotting cascade. The Utter could be due to the fact 
that protamine was used during perfusion with heparin- 
coated equipment Similar problems, ie, dots on heparin- 
coated surfaces, were reported by Bianchi and associates 
(261, who had also used protamine during perfusion with 
heparin-coated centrifugal pumps. We have previously 
shown in ex-vivo experiments that protamine given dur- 
ing perfusion with heparin-coated equipment reduces 
the antithrombotic activity of bonded heparin and should 
therefore be avoided (2^. Use of fresh frozen plasma, 
coagulation factors, platelet concentrates, and aprotinin 
can help to avoid protamine use during perfusion with 
heparin-coated equipment Alternatively, an extracorpo- 
real heparin removal device used with a heparin-coated 
tubing set allows for absorption of circulabng heparin on 
immobilized polycation and reactivates the coagulation 
system (28]. 

In condusioa heparin surface coatings have been 
sho%vn to improve the thromboresistance of blood- 
exposed surfaces of circulatory support devices and to 
allow for reduction of systemic anticoagulation during 
perfusion with consecutive reduction of bleeding compli- 
cations. Furthermore, heparin surface coating can also be 
applied to leak-proof gas exchangers %vith true mem- 
branes. However, thromboresistance of heparin surface 
coatings is dependent on blood flow and can be reduced 
by contamination with protamine. 
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Heparin-coating of bypass circuits 
Principles of heparin-coating techniques 

Li-Chien Hsu Benlley Laboratories Division. Baxter Healthcare Corporation. Irvine. California 


Introduction 

Exposure of blood to a foreign surface results in 
plasma protein alterations and blood cell 
activation. Extracorporeal blood circulation is 
only possible with the use of systemic anti- 
coagulants, such as heparin, to inhibit the 
clotting system. Even with the use of high 
doses of heparin, clinical cardiopulmonary 
bypass (CPB) and other extracorporeal pro- 
cedures have been associated with intra- and 
postoperative bleeding,' pulmonary abnor- 
malities,2 neurological dysfunction^ and organ 
damage. Such complications have been attributed 
to impaired haemostatic functions, thrombo- 
emboli formation,^ leukocyte and platelet 
activation ,5 and complement activation, all of 
which may be related to the blood material 
interactions- 
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Despite the intensive research in the area of 
blood compatible materials or surfaces in the past 
decades, the most blood compatible surface 
remains to be the endothelial lining. Recent 
evidence^ suggests the presence of heparin-like 
molecules (heparin sulphate) along with other 
biologically active substances on the luniinal 
surface of the microvasculature endothelium. 
The endothelium may actively interact with 
blood when the coagulation status of the 
circulating blood changes. Surfaces incorporatmg 
biologically active substances, thus, appear to be 
a more viable approach to blood compatible 
surfaces. Among the various biologically active 
substances that have been immobilized onto 
synthetic surfaces, heparin-coating or im- 
mobilization is the most well explored and 
promising approach. 

Heparin is a natural sulphated glycosaminogly- 
can consisting largely of alternating L-iduronic 
acid and N-sulphaied D-glucosamine residues. 
Heparin exerts its anticoagulant activities through 
interaction with antithrombin III (AT HI). When 
heparin binds to AT III, the complex causes an 
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acceleration of the action of AT III in inactivating 
thrombin (Ila), factor IXa, factor Xa, factor XIa, 
factor Xlla and plasma kallikrein.' Recent studies 
suggest that only small portions of the heparin 
molecule that contain specific carbohydrate 
sequences are responsible for the anticoagulant 
activities. A pentasaccharide sequence, through 
its action with AT III, is responsible for inhibiting 
factor Xa. A sequence containing 18 saccharide 
units is believed necessary for thrombin 
inhibition. « When heparin is modified for surface 
coating or immobilization, it is essential that the 
active sequences responsible for anticoagulation 
are not altered during the modification. 


Techniques of heparin-coating 

Numerous techniques have been utilized to 
immobilize heparin onto synthetic surfaces. The 
techniques generally fall into the following 
categories: ionically bonded heparin, covalently 
bonded heparin and physically entrapped 
heparin. 

lontcally bonded heparin 

Since heparin contains a large number of 
negatively charged groups, synthetic surfaces 
containing positive charges will attract heparin 
molecules onto the surfaces through electrostatic 
attraction. Positive charges can be introduced 
onto the surfaces by the use of a cationic 
surfactant or polymer coating containing cationic 
groups. 

The first surface bonded to heparin was 
reported by Gott** in 1963. The work involved 
the attachment of heparin through formation of 
a complex with a quaternary ammonium salt, 
benzalkonium chloride, that was adsorbed onto 
graphite. Graphite benzalkonium heparin-coated 
vena cava rings implanted in dogs remained 
thrombus-free for more than two weeks. At 
present benzalkonium heparin (without graphite) 
is still the most widely used heparin-coating 
material for clinical devices. Benzalkonium 
heparin, while having excellent thromboresistant 
properties, has limited applications for 
extracorporeal devices thai require priming with 
saline before blood contact. It is fairly soluble in 
saline and leaches off the surface during prime. 
A complex of iridodecylmethylammonium 


chloride and heparin (TDMAC heparin) was 
developed by Grode'" to improve the applicability 
of coating to a variety of different synthetic 
surfaces. TDMAC-heparin-coated shunts have 
been used clinically for temporary bypass of 
thoracic aneurysms. 

Cationic groups, such as N,N-dimethylamino- 
ethyl groups, have been incorporated into a 
polymer matrix to facilitate heparin adsorption. 
Polyamido-amine chains, capable of complexing 
with heparin molecules, have been attached to 
polyurethane and glass surfaces. 

Covalently bonded heparin 

Heparin has been linked directly to synthetic 

surfaces to achieve stable bonds. Carbodiimides 
have been used to link heparin to hydrolyzed 
polymethylmethacrylate." Heparin has been 
covalently bonded to polyvinylalcohol by using 
glutaraldehyde.*^ Covalent attachment of heparin 
requires specific chemistry to be developed 
between the heparin and a surface. For an 
extracorporeal device, a separate process for each 
surface/material in the device would be required. 
Covalent heparin bonding is thus often time 
consuming and, in some cases, could result in 
physical damage of the surfaces of the device . 
The covalently bonded heparin has been widely 
used as an adsorbent in affinity chromatography. 
A reduction of heparin activity is frequently 
observed when heparin is covalently attached to 
the surface. Presumably, the active carbohydrate 
sequences are altered in the covalent linking 
process. 

Several polymer coatings containing covalently 
attached heparin have been reported. Heparin- 
polyvinylalcohol hydrogel coating,'-* poly 
dimethylsiloxane-polyethylene oxide-heparin 
block copolymer'*' and albumin-heparin 
conjugates"* have been prepared and 
characterized. 

Physically entrapped heparin 

Heparin molecules haver been incorporated into 
a polymer binder to provide slow release of 
heparin upon blood contact.^ physical blend of 
heparin and polyurethane'^ has been evaluated 
as a coating material for catheter applications. 

Heparin-coating for cardiopulmonary devices 
Heparin-coating for cardiopulmonary devices 
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presents specific challenges. Devices such as 
oxygenators, cardiotomy reservoirs, blood filters, 
etc. are of complex configurations and have 
substantial surface areas. They are made from 
different synthetic materials includmg 
polycarbonate (housing), polypropylene (hollow 
fibre membrane), plasticized polyvinyl chloride 
(tubing and cannulae), polyester (filter), 
polyurethane (defoamer), stainless steel (heat 
exchanger) and many others. Coating stability, 
toxicity, thromboresistance and compatibility 
with different surfaces must be taken into 
consideration. 

Two processes have recently been applied to 
cardiopulmonary bypass circuits. One process is 
based on the concept of *universal surface'. This 
is accomplished by depositing or ionically 
attaching a polymer coating, polyethyleneimine 
(PEI), onto various types of surfaces. Heparin 
fragments, prepared from the degradation of 
heparin in nitrous acid, were then attached to 
the PEI.*^ The other process is based on the 
concept of ^universal coating', whereby the 
physicochemical properties of unfractionated 
heparin are modified with a proprietary binding 
agent. The resulting material, trade-named 
Duraflo II heparin, has high affinity to a variety 
of synthetic surfaces and retains all anticoagulant 
properties of heparin. 


Evaluation of heparin-coated surfaces 

Earlier attempts to evaluate the thromboresis- 
tance of heparin-coated surfaces included animal 
implantation of heparin-coated devices and 
setting up heparin-coated extracorporeal 
circuits.'^ Due to the complexity of heparin 
immobilization techniques, the consistency of 
coating processes, surface characteristics of 
different substrates and potential toxicity 
associated with the coating materials, the results 
have been inconsistent. Until very recently, 
clinical uses of heparin-coated devices have been 
limited to relatively simple devices such as 
pulmonary artery catheters and shunts. 

Arterial filters 

Heparin-coated- arterial filters have recently 
gained increasing popularity in clinical use. The 
perceived advantages, however, are the ease of 
priming and debubbling due to the hydrophihc 
nature of heparin-coated surfaces. To evaluate 
the effect of various heparin coatings on arterial 
filters, an in vitro blood recirculation loop test 
shown in Figure 1 was developed. A monolayer 
of filter secreen (S.Scm^) was sealed in a filter 
housing and the circuit was primed and 
recirculated with saline. Freshly drawn bovine 
blood, anticoagulated with 4 units heparin/mL 



Figure 1 In vitro blood recirculation loop tesi 
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blood, was introduced and recirculated in the test 
loop. Platelet depletion, pressure differential 
across the screen and thrombus formation on the 
screen were used to assess the blood compatibility 
of the screens. The filter screens evaluated 
included the following: 

1) 40 microns woven polyester screen. 

2) 40 microns woven polyester screens coated 
with benzalkonium heparin. 

3) .40 micron woven polyester screen coated with 
TDMAC-heparin. 

4) 40 micron woven polyester screen coated with 
Duraflo II heparin. 

Typical pressure traces for each of the screens 
tested are shown in Figure 2. Uncoated polyester 
screen, benzalkonium heparin-coated screen and 
TDMAC-heparin-coated screen generally 
exhibited episodes of inlet pressure increases 


followed by sudden inlet pressure decreases. No 
pressure increases or variations were noted on 
Duraflo II heparin-coated screens. Average °i 
platelet depletion after 30 minutes of blood 
recirculation is summarized in Table. I. 
Corresponding scanning electron micrographs 
shown in Figure 3 correlate well with the platelei 
depletion and inlet pressure data and suggest that 
the observed pressure increases are related to 
the deposits of blood components resulting from 
blood-material interactions. Pressure increase 
followed by a reduction of pressure has previously 
been related to the release of thrombi from the 
arterial filter surfaces.^o £ven though the in vitro 
testing conditions are more vigorous than typicsJ 
clinical conditions, the results agree with those 
reported previously by Longmore,^** Heim- 
becker22 others who observed increases in 
inlet pressure, reduction in platelet counts and 
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Figure 2 Pressure drop versus blood recirculation time. Bovine blood containing 4 units heparin/ml|>lood; 
blood flow rate 100 ml/min. 

polyester screen = O O 

polyester screen coated with benzalkonium heparin - A •■• A 

polyester screen coated with TDMAC-heparin = ▲ ▲ 

polyester screen coated with Duraflo II heparin = • • 
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3a: Polyester screen 


3b: Polyester screen coated with benzalkonium heparin 



3c: Polyester screen coated with TDMAC-heparin 


3d: Polyester screen coated with Duraflo II heparin 


Figure 3 Scanning electron micrographs of screens after 30 minutes of blood recirculatTon 


Table 1 Average platelet depletion data from in vino blood recirculation loop test 


Baseline platelet count 5232:51 


p^S BKH TOMAH DURAFLO II 


459:^23 514^50 528i:33 


F:;l,Xele.coun,a.,er 46=25 74.,20 n3.52 ' 408.40 

from baseline 


Bov.ne blood containing 4 un.ts Hepann nil blood recirculated at flow rate of 100 ml/min for 30 minutes. 

PES = polyester; BKH ^ benzalkon.um heparin-coaied polyester; TOMAH = TDMAC-hepann-coated polyester: DURAFLO II - 


Duraflo H heparin-coated polyester. 
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deposition of platelets during clinical and 
experimental uses of the filters. The results from 
the in vitro blood recirculation, thus, strongly 
suggest that the principal benefits of properly 
heparin-coated arterial filters are improved blood 
compatibility, reduced blood-material 
interactions and prevention of microemboli. 

The ineffectiveness of benzalkonium heparin- 
coated screen is a result of heparin leaching 
during the priming and recirculating with saline 
before blood contact is made. The stability of 
benzalkonium heparin on arterial filters was 
compared with that of Duraflo II heparin-coated 
arterial filters by recirculating saline through the 
filters at 6 l/min for two hours. The amount of 
heparin retained on the filters and the amount 
leached into circulating saline were monitored 
using a spectrophotometric technique and Factor 
Xa inhibition method. Normalized leaching rates 


for the filters analysed are shown in Figure 4. 
Nearly all benzalkonium heparin leached off the 
surface during 15 minutes of saline recirculation. 
The heparin leaching from commercially available 
arterial filters was recently determined, by 
monitoring the surface tension of priming 
solution. 2* 

Other materials 

Platelet adhesion properties of polypropylene 
(PP) and heparin-coated polypropylene surfaces 
were evaluted in vitro using a Chandler loop with 
heparinized bovine blood containing Cr-51 
labelled platlets." Significant reductions in both 
platelet adhesion and platelet depletion were 
noted with the heparin-coated PP surface (Table 
2). An ex vivo canine arteriovenous series shunt 
technique's v^ras used to evaluate the platelet 
compatibility of the heparin-coated surface. 
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Figure 4 Stability of heparin on arterial filters 

benzalkonium heparin-coated filter {comnnercial filter A) = O O 

benzalkonium heparin-coated filter (commercial filter B) = □ ••• □ 
Duraflo il heparin-coated arterial filter A A 
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Figure 5 shows qualitatively the amount and 
integrity of platelets adhered onto a standard 
PVC and heparin-coated PVC tubing material 
after 20 minutes of blood recirculation with a 
nonheparinized canine. 

Oxygenators 

The thromboresistance of heparin-coated 
oxygenators was compared with that of uncoated 
oxygenators ex vivo using a bifurcated circuit. 
Venous blood from a jugular vein of a test animal 
was drained and bifurcated into two oxygenators 
connected in parallel, one coated with Duraflo 
II heparin and the other was an uncoated 
oxygenator. The oxygenated blood was then 
combined and returned to the animal. The circuit 
essentially eliminates the animal to animal 
variation and allows a direct comparison to be 


made between coated and uncoated oxygenators. 
Thrombus formation was compared on 
microporous hollow-fibre membrane oxygenators 
(Figure 6) after six hours of venoarterial partial 
cardiopulmonary bypass on calves with activated 
clotting times (ACT) maintained at 240 seconds. 
The effectiveness of heparin coating was also 
demonstrated in a similar study" comparing a 
Duraflo II heparin-coated silicone membrane 
oxygenator with an uncoated oxygenator after six 
hours venoarterial bypass on calves in which 
systemic anticoagulant was eliminated (Figure 7). 
In both cases little or no clots were observed in 
the coated oxygenators as compared to extensive 
thrombus formation in the control uncoated 
oxygenators. It is interesting to note that the 
amounts of Duraflo II heparin immobilized on 
the coated microporous oxygenator and coated 


Table 2 Cr-51 labelled platelet adhesion and platelet depletion 


Time 
(min) 


Platelet adhesion 
(xl05/cm2.n==3) 
PP 


PP/D-II 


5 
20 
60 


8.0±0.4 
24.0±2.4 
46-0±4.9 


1.0±1-0 
2.1 ±0.1 
6.3±2.1 


% Platelet depletion 
from baseline {n=3) 
PP 


PP/D-ll 


16.4 ±4.2% 
33.7±7.5% 

65. 5 ±6.8% 


7. 8 ±4. 8% 
10.6±4.4% 
20.0 ±3. 5% 


— — in a Chandler loop consisting of 
polypropylene (PP) tubing or Duraflo II hepann-coated PP (PP/D-ll) tubing. 



5a: Standard PVC tubing 


5b: Duraflo II heparin-coated PVt tubing 


Figure 5 Scanning electron microg 
heparin used. 


raphs showing platelet adherents after 20 m.nutes of blood circulation - no systemic 
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silicone membrane oxygenator shown in Figures 
6 and 7 were approximately 1000 USP units and 
600 USP units, respectively. Control experiments 
in which the test animals were systemically 
anticoagulated with similar amounts of heparm 
with uncoated circuits resulted in severe clottmg 
in the oxygenators. The lack of thrombus 
formation in the heparin-coated oxygenators 
suggest that immobilized heparin is many times 
more effective in inhibiting the clotting system 
than the circulating heparin. 

Cardiopulmonary bypass circuits 

The effect of fully heparin-coated cardiopulmo- 
nary bypass circuits has also been determined in 
calves under simulated clinical conditions. Calves 
were placed on CPB for four hours and the ACTs 
were maintained above 480 seconds with systemic 
heparin. Better preserved platelet number and 
function, lower fibrinopeptide A generation and 
lack of thrombus deposition were observed in 
the heparin-coated group relative to the uncoated 
control group. In a canine study of lung 
dysfunction following open heart surgery. 


Taylor-*^ demonstrated that the white cell 
activation and sequestration of white cells within 
the lung was substantially reduced with the use 
of the heparin-coated circuits. 

Heparin less bypass 

The possibility of eliminating systemic 
anticoagulant with the use of heparin-coated 
circuits for cardiopulmonary bypass and 
prolonged extracorporeal membrane oxygenation 
has been investigated, von Segesser et al.^ 
successfully performed 24 hours heparmless car- 
diopulmonary bypass on canines using Duraflo 
II heparin-coated circuits. Toomasian et al?^ 
reported that, with the use of fully Duraflo II 
heparin-coated circuits, it was possible to perform 
heparinless ECMO on sheep for four days 
without complicaHons. 

While the immobilized heparin appears to be 
many times more effective than the systemic 
heparin, the mechanism by which the 
immobilized heparin operates is not fully 
understood. It is possible that heparin placed on 
the sites of blood activation (foreign surfaces) 
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may reduce contact activation as heparin/ AT III, 
in addition to inhibiting factors Ila and Xa, also 
inhibits factor Xlla, plasma kallikrein and factors 
XIa and IXa, Heparin coating may also alter the 
normal sequences of plasma protein deposition 
on surface. The protein *passivated' surfaces may 
be ultimately responsible for the long-term blood 
compatibility. The clinical significance of heparin- 
coated extracorporeal circuits is being explored 
at this time. To fully utilize the potential benefits 
of. blood compatible surfaces, it is important that 
the devices must have appropriate haemodynamic 
designs to avoid blood stagnation and high shear 
stress. 

Conclusions 

Blood compatibility has long been regarded as a 
critical requirement for blood contact devices. In 
vitro and ex vivo results suggest that heparin- 
coated devices offer significantly improved blood 
compatibility. The improvement may reduce the 
clinical complications currently associated with 
CPB and other extracorporeal bypass procedures 
and enhance safety of bypass procedures. 
Improved thromboresistance may allow 
modification of systemic anticoagulation levels 
during bypass to further reduce complications 
associated with the use of high doses of 
anticoagulants. ^2 
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Evaluation of Duraflo II Heparin Coating in Prolonged 
Extracorporeal Membrane Oxygenation 

JOHN M. TOOMASIAN, U-Chien Hsu, Ronald B. Hirschl, Kurt F. Heiss, 
Karl A. Hultquist, and Robert H. Bartlett 


Adult sized extracorporeal membrane oxygenation circuits 
were coated with Duraflo 11 chemical heparin bonding by 
Baxter-Bentley Laboratories. Five sheep were maintained 
on venovenous extracorporeal circulation for four days 
with no systemic anticoagulation. There was no bleeding, 
no major thrombosis in the circuits, and no significant em- 
boli after 4 days of extracorporeal circulation without anti- 
coagulation. ASAIO Transactions 1988; 34: 410-414. 


Routine clinical use of extracorporeal circulation for renal, 
cardiovascular, and respiratory diseases, as well as for some 
organ transplants, requires systemic heparin in order to pre- 
vent extracorporeal circuit thrombosis. Each procedure has 
potential side effects which include bleeding, coagulation 
factor consumption, and thrombocytopenia. Although al- 
ternatives to anticoagulation such as platelet inhibiting drugs 
and heparin coated nonthrombogenic circuits have been 
studied, no alternative to systemic heparinizalion has been 
developed and used in routine clinical procedures. A variety 
of immobilized heparin-coated systems have been evalu- 
ated, but are limited in their use due to cost, chemical com- 
plexity, biomaterial binding irregularity, and irregular flow 
patterns of the extracorporeal circuit. The current study re- 
ports on hematologic and activated clotting time changes 
with a new heparin-bonded surface in five sheep supported 
on venovenous extracorporeal membrane oxygenation 
(ECMO) for 96 hours. 

Methods 

Five sheep weighing 33 to 40 kg were anesthetized with 
ketamine (10 mg/kg), intubated, and ventilated with room 
air (14 ml/kg). A stomach tube was inserted to decompress 
the bowel. Anesthesia was maintained with supplemental 
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doses of ketamine. The right femoral artery was cannulated 
and used as a source of arterial blood samples and systemic 
blood pressure. The animals were cannulated for veno- 
venous bypass through the right internal jugular vein and 
the right femoral vein with poiyvinylchloride (PVC) catheters 
coated with Duraflo II. Cannulae were secured and the ani- 
mal allowed to revive and stand in a cage. 

The extracorporeal circuit components were coated with 
Duraflo 11™ heparin coating complex (Baxter-Bentley Labo- 
ratories, Irvine, CA). The circuit consisted of either Va X V32 
inch and/or 'A X 7,6 inch Bentley PVC tubing, polycarbon- 
ate connectors, a silicone rubber bladder, and a Bentley 
CM-40 polypropylene hollowiiber membrane lung with in- 
tegral heat exchanger. 

The heparin complex was dissolved in 1,1 ,2,trich!oro 
l,2,2,trifluoro-ethane to obtain a coating solution of desir- 
able concentration. The mixture was pumped through the 
extracorporeal components, drained, and dried. No stress 
cracking or swelling of the plastics was observed, and the 
residual solvent was readily and thoroughly evacuated. The 
total amount of Duraflo II coating on each circuit was equiv- 
alent to approximately 2,000 USP heparin units. 

The extracorporeal circuit was assembled and flushed 
with carbon dioxide, primed with 0.9% sodium chloride, 
and debubbled. The prime was recirculated through the 
circuit for sixty minutes at a 1 L flow. Prime samples were 
taken periodically to check for heparin elution by assaying 
for thrombin inhibition (Protopath Baxter Dade) and factor 
Xa inhibition. The crystalloid prime was displaced with one 
unit of fresh citrated sheep whole blood. No heparin was 
added to the prime. The prime was adjusted for pH with 
tris(hydroxymethyl) aminomethane (THAM) and recircu- 
lated through the A-V bridge to prevent stagnation within 
the circuit. 

Each animal was connected to/ the circuit, and veno- 
venous perfusion began at flow rates ranging from 1 5 to 50 
ml/kg/min. Pre- and postmembrane Inng gases were mea- 
sured every eight hours. Blood flow rates were maintained 
at those settings for the duration of the trial. Platelet and 
leukocyte counts were measured at 30 minutes, 1, 2, 4, 6, 8, 
12, 18, 24. and every 1 2 hours thereafter for 96 hours until 
the trial was completed. Activated clotting lime was mea- 
sured every hour by the method of Baden et a/.' 


410 


OURAFLO HEPARIN IN ECMO 


411 


Following 96 hours of extracorporeal circulation, each 
animal was anticoagulated with 20,000 USP heparin. The 
animal was killed, decannulated, and autopsied. The heart 
and lungs were inspected for evidence of thrombosis. The 
circuit was rinsed with 3 L of .09% sodium chloride, fixed 
with .02% gluteraldehyde solution, and returned to the 
manufacturer for additional analysis. 

Results 

Each animal was alert and awake for the 96 hr bypass, with 
all animals surviving. Each membrane lung transferred gas 
adequately; no devices failed, leaked protein, or required 
replacement during the trial. In each of the membrane lungs 
tested, the oxygen saturation exceeded 98% and the pCOj 
values were consistently under 35 torr. The membrane lungs 
were not evaluated for upper flow range gas transfer capa- 
bility. 

Mean activated clotting time for all five animals is shown 
in Figure 1. During the first hour, there was a small increase 
from baseline (101 ± 17.6 sec- 195 ± 60.8 sec). Within 2 
hours, the activated coagulation time (ACT) stabilized within 
5 to 15% above baseline and was maintained at normal 
levels (90-180 sec) for the remainder of the trial without 
supplemental heparin. 


The change in mean platelet count expressed as a percent 
of baseline is shown in Figure 2. Platelets were consumed 
rapidly and were 50% of baseline at 6 hours. Further con- 
sumption occurred, although a steady state was reached at a 
75% drop from baseline at 48 hours. Visible white platelet 
aggregates and thrombi were observed on the heat ex- 
changer by 12 to 24 hours of bypass. 

The change in leukocyte count expressed as a percent of 
baseline is shown in Figure 3. White blood cells declined 
initially to under 50% of baseline, but rebounded to nearly 
twice that of baseline by 8 hours of bypass. Over the next 
several days, the leukocyte count stabilized and gradually 
declined toward baseline levels. 

Each circuit was inspected after the experiment. The PVC 
tubing and catheters showed no evidence of thrombosis, 
the polycarbonate connectors were thrombus free, but 
some small thrombi were observed in the eddy current 
areas next to the PVC tubing connections. The silicone rub- 
ber bladder showed no visible evidence of thrombosis. 

The membrane lung is made of several different bioma- 
terials including: polypropylene, polycarbonate, and poly- 
urethane potting material. The integral heat exchanger is 
made of convoluted anodized aluminum tubing. Minor to 
moderate thrombi were found in the oxygenator's stagnant 
flow areas, in particular the region between the heat ex- 
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Figure 1. Mean changes (±SO) in activated clotting time in five sheep during 96 hours of venovenous ECMO. 
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Figure 2. Mean changes (±SD) in platelet count in five sheep during 96 hours of venovenous ECMO. expressed as a percent of baseline. 


changer volume displacer and the hollow fibers. Areas of 
stagnant flow in the heat exchanger were associated with 
more thrombi, and while the polypropylene hollow fibers 
were clot free, the outlet header was involved in some 
stringy thrombi in the periphery of the end cap. 

The heart and lungs were examined for gross changes. In 
all five animals, the atrium and ventricles were thrombus 
free, and in four of five animals, the lungs showed no evi- 
dence of thrombosis. The lungs were pink, and appeared to 
be well aerated. In one animal, two small thrombi were 
found in 0.5 cm in diameter pulmonary arteries. In the same 
animal, there was one small infarcted area of lung (4X6 cm) 
associated with a thrombus. 

Discussion 

Bleeding, thrombocytopenia, and coagulation factor con- 
sumption are major side effects of prolonged extracorporeal 
circulation with systemic anticoagulation. Development of a 
nonthrombogenic surface would reduce or eliminate many 
of the potential risks of bypass and allow for a more wide- 
spread use of extracorporeal circulation. Heparin immobili- 
zation would be ideal for its natural anticoagulant activity as 
well as partial endothelial surface characteristics. 


Heparin has been ionically and covalently bonded onto 
several biomaterials. Ionic heparin coatings, such as 
TDMAC, involve a simple dip coating procedure, and can 
be applied to a variety of polymeric surfaces through hy- 
drophobic interactions with the substrates. Benzalkonium 
heparin complexes, however, require different prebonding 
solvents for different biomaterials. Improper coating can 
cause stress cracking of harder polycarbonate-type plastics 
or swelling of silicone rubber. An earlier trial from this group 
evaluated TDMAC heparin-coated ECMO circuits in sheep 
for 30 to 48 hours. Activated clotting times were within 
normal ranges after some initial wash-off of the heparin 
complex. Thrombosis was observed in areas of stagnant flow 
and on some larger polycarbonate components.^ Additional 
studies have met with some success using benzalkonium 
heparin-coated surfaces.'*' 

Covalent heparin bonded surfaces generally require sev- 
eral steps and chemical reactions for each surface to effec- 
tively establish the covalent heparin bond. Cottonaro et at. 
described a surface utilizing covalent attachment of a qua- 
ternary ammonium compound.^ 

A heparin-coated surface covalently binding heparin to a 
primary amine that mimics the natural endothelium by tak- 
ing up fibrin and accelerating plasma anlilhrombin has been 



reported. Initial trials of this heparin-bonded surface on he- 
modialysis circuits showed no extracorporeal thrombosis 
and no dialyzer impairment/ 

Bindslev and associates^ evaluated the same covalent 
heparin coating in six dogs undergoing extracorporeal CO2 
removal for 6 hours with a hollow fiber membrane lung. The 
clotting times and plasma heparin levels were low, following 
an initial rise after going on bypass. Clots were observed in 
areas of the circuit where blood flow was stagnant, in partic- 
ular the outlet header caps and the oxygenation volume 
dlsplacer." 

In the current study, all animals were awake, alert, and 
survived 96 hours of venovenous bypass with no visible 
respiratory or neurologic side effects. The normal side ef- 
fects of bypass, thrombocytopenia and leukopenia with a 
subsequent rebound, occurred. The activated clotting time 
after a small initial rise was within the normal range. 

Postmortem examination of the circuits confirmed some 
of our earlier work and that of Bindslev. All high velocity 
flow components were clot free, indicating that Ouraflo II 
was very effective in maintaining a strong bond with each 
biomaterial. Stagnant flow zones in the header caps, volume 
displacers and some areas of the heat exchanger were noted 
to have mild to moderate white thrombi. The stagnant zones 
may have contributed to the drop in circulating platelets. 


The clots found in one animal's lung may have been gener- 
ated from stagnant zones within the circuit. 

Duraflo II is a coating material that consists of heparin 
and a proprietary binding agent. The coating material is 
highly stable in crystalloict solution, and can be applied to 
virtually all of the extracorporeal surfaces and biomateriais 
without problems of stress cracking and swelling. No activity 
of factor Xa and thrombin Inhibition were measured in 
prime samples; thus the lack of free heparin in the rinse 
indicates the heparin bond is stable, as does the small rise in 
ACT after initiating bypass. 

The mechanism by which Duraflo II renders its potency is 
not clear. Protein deposition occurs instantaneously v.'hon 
blood comes in contact with a foreign surface.''^** The pres- 
ence of surface-bound heparin may modulate protein depo- 
sition and provide a more thromboresistant surface. 

Duraflow II provides an effective heparin coaling in sheep 
during 4 days of ECMO. The coating uniformly bound io 
different biomateriais, which is not the case for some bcn- 
zalkonium heparin coatings. The major limiting factor in the 
use of this or any other heparin coating is the flow velocity 
and distribution of flow through the circuit, as low blood 
flow and stagnant zones will cause the blood to clot fogard 
less of the heparin coating. Special consideration musi Ijo* 
taken to design artificial organs to minimize eddy currrn'.i, 
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Stagnant or dead-end flow zones, and to maximize laminar 
flow areas. Proper flow distribution will minimize stagnation, 
platelet consumption, and potential thrombosis. 

References 

1 . Baden JP, Sonnenfield M, Ferlic RM, Sellers RD; The BaSon test: 

A rapid bedside test for control of heparin therapy. Surg 
forum 22: 1 73-174, 1971. 

2. Toomasian |M, Zwischenberger J8, Oram AO, DeSmet CM, 

Bartlett RH: The use of bound heparin in prolonged extracor- 
poreal membrane oxygenation. Tnns Am Soc ArliY Intern 
Organs 30: 133-136, 1984. 

3. Rea WJ. Whitley D, Eberle JW: Long-term membrane oxygen- 

ation without systemic heparinization. Trans Am Soc Artif In- 
tern Organs 18: 316-320, 1972. 

4. Fletcher JR, McKee AE, Herman CM: Twenty four hour mem- 

brane oxygenation in dogs without anticoagulation. Sureerv 
80:214-223,1976. ^ ^ 


5. Hoar PF: Heparin bonding reduces thrombogenicity of pulmo- 

nary-artery catheters. N Engl I Med 305: 993-994. 1981. 

6. Cotionaro CN, Roohk HV, Bartlett RH, Servas FM, Sperling OR: 

A new nonthrombogenic surface. Trans Am Soc Ariif Intern 
Organs 28: 478-481. 1982. 

7. Larm O, Larsson R, Olsson P: A new nonthrombogenic surface 

prepared by selective covaleni binding of heparin via a mod- 
ified reducing terminal residue. Biomater Med Devices Artif 
Organs 2: 161-173, 1983. 
a. Bindlsev L, Couda I, Inacio J, et al: Extracorporeal elimination of 
carbon dioxide using a surface-heparinized veno-venous 
bypass system. Trans Arp Soc Artif Intern Organs 32: 530-533, 
1986. 

9. Roohk HV, Pick J, Hill RL, Hung E, Bartlett RH: Kinetics of 
fibrinogen and platelet adherence to biomaterials. Trans Am 
Soc Artif Intern Organs 22: 1 -8, 1 976. 
10. Vroman L, Adams AU. Fischer GC, Munoz PC: Interaction of 
high molecular weight kininogen, factor XII and fibrinogen in 
plasma at interfaces. Blood 55: 156-159, 1980. 


ASAlO lournat 1992 


Non-thrombogenic Hemofiltration System 
for Acute Renal Failure Treatment 


Sun-De Tong and Li-Chien Hsu 


Continuous arteriovenous hemofiltration (CAVH) has be- 
come an accepted therapy for patients with acute renal fail- 
ure. A major technical concern with CAVH is clotting of the 
hemofilter, resulting from blood-material interactions. This 
study compares the thromboresistance and performance 
characteristics of a Duraflo II heparin treated CAVH circuit 
with those of an untreated control circuit. The circuit con- 
sisted of a polysulfone hemofilter, tubing sets, and cath- 
eters. The heparin treatment did not change the mass 
transfer properties of the hemofilter. The thromboresis- 
tance of the heparin treated circuit was compared directly 
with that of an untreated circuit in a heparinless sheep 
model using bilateral circuits. The heparin treatment signifi- 
cantly enhanced the blood compatibility of the circuit, as 
indicated by the reduction in thrombus formation, pro- 
longed work life, and superior performance in heparinless 
sheep. There was minimal heparin leaching from the hemo- 
filter. A heparin treated circuit may improve the safety and 
effectiveness of the CAVH procedure, and offers potential 
for a systemic heparin protocol to be modified for patients 
with bleeding disorders. ASAlO /ournal 1992; 38: M702- 
M706. 

One of the major limitations of the use of extracorporeal 
devices that require contact with blood is the thromboem- 
bolic phenomena that occur at the blood-foreign material 
interface. Syslemic heparinization usually is required during 
extracorporeal blood circulation to prevent thrombus for- 
mation in the circuit. However, use of systemic heparin can 
increase the risk of bleeding in patients with coagulation dis- 
orders or following surgery. Low dose heparinization/ re- 
gional heparinization,^ and citrate anticoagulant' have been 
used in attempts to control the bleeding in patients with 
renal failure. Despite these efforts, clotting of the hemotilter 
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and coagulation disorders in patients with acute renal failure 
continue to be major concerns during hemofiltration. One 
approach to minimizing blood trauma during extracorporeal 
blood circulation is to improve the thromboresistance of the 
circuit Recent studies into heparin coating of extracorporea 
devices for cardiopulmonary bypass^ and extracorporeal 
membrane oxygenation^ have shown that systemic heparm 
could be substantially reduced or eliminated when the en- 
tire bypass circuit was treated with Duraflo II hepann. This 
study compares the thromboresistance and performance 
characteristics of a Duraflo II heparin treated continuous ar- 
teriovenous hemofiltration (CAVH) system, with those of an 
untreated control system in a non-heparinized sheep. The 
stability of the heparin treatment in plasma, and the effect of 
heparin treatment on functional performance of the hemo- 
filter, were also evaluated in vitro. 

Materials and Methods 

Materials 

The hemofiltration system consisted of a polysulfone hol- 
low fiber hemofilter (Diafilter 20; Amicon, Beverly MA), 
CAVH tubing set (Amicon), and single lumen catheters 
(model MC7CAVH4; Medical Components Inc., Harleys- 
ville PA). The entire blood contact surfaces of the test CAVH 
system were treated with Duraflo II heparin (Bentley Labs. 
Baxter Healthcare Corp.. Irvine, CA). The general coating 
procedures are similar to those described previously. Coat- 
ing conditions were selected to ensure that the permeability 
and welting properties of the hollow fjber membrane were 
not altered. A control system containing the same devices 
was used as received. Both control and lest systems were 
sterilized with ethylene oxide gas before testing. 

Slahility of Duraflo II Heparin Treatment 

The stability of the heparin treatment was determined by 
circulating EDTA anticoagulated bovine plasma through 
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filters (n = 3) treated with labeled Ouraflo M heparin; 200 
ml bovine plasma was recirculated at 1 50 ml/min for 68 hr. 
Plasma samples were taken periodically to determine, with a 
scintillation counter, the amounts of heparin leached. 

In Vitro Functional Performance 

To assess the effect of Ouraflo II heparin iroaiment on the 
mass transfer properties of the hemofilter, the ultrafiltration 
rate (UFR) of Ouraflo 11 heparin treated hemoiilters (n = 6) 
was measured at various blood flow rates and transmem- 
brane pressures (IMP) using EOTA anticoagulated bovine 
blood. Sieving coefficients were also determined in aqueous 
solution or bovine blood, and results compared with those 
of untreated control hemofilters (n = 3). 


Table 1. In Vitro Ultrafiltration Rates of Ouraflo II Heparin 
Treated and Control Amicon Diafilter 20 



Blood Flow 

TMP 

Blood Path 

UFR 

Hemofilier 

Rate (ml/min) 

fmmHo^ 

(mmHg) 

(ml/min) 

Control 

75 

50 

11 ± 2 

12 ± 1 

Ouraflo II 

75 

50 

11 ± 1 

15 ± 1 

Control 

75 

100 

12 ± 1 

24 ± 1 

Duraflo 11 

75 

100 

11 ± 1 

24 ± 1 

Control 

100 

50 

14 + 2 

12 ± 3 

Duraflo II 

100 

50 

13 ± 2 

15 ± 1 

Control 

100 

100 

13± 2 

25 ± 4" 

Duraflo II 

100 

100 

13 ± 2 

28 ± 1 

Control 

200 

50 

25 ± 4 

14 ± 3 

Duraflo II 

200 

50 

24 ± 3 

17 ± 2 

Control 

200 

100 

26 ± 4 

31 ± 3 

Duraflo II 

200 

100 

24 ± 3 

35 ± 2 
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Ex Vivo Heparinless Ovine Evaluation 

Bilateral ex vivo circuits that allow simultaneous evaluation 
of heparin treated and untreated control CAVH systems, 
were used (Figure 1). Five sheep (average weight, 42 kg) 
studies were conducted without the use of systemic hepa- 
rin. Two of the five heparinless studies were conducted for 6 
hr, during which the animals remained anesthetized 
throughout the procedure. The other 3 studies were con- 
ducted for 24 hr. Each animal in the 24 hr studies was initially 
anesthetized during cannulation and subsequently awak- 
ened and restrained in a sling for the duration of the test 
period. Each animal was prepared for the CAVH procedure 
by surgically exposing the femoral or carotid artery and femo- 
ral or jugular vein on both sides of the animal. The test circuit 
(heparin treated) was connected to one side of the animal, 
and a control circuit to the other side. 

Before cannulation, both lest and control circuits were 
rinsed and primed per manufacturer's instructions for use. 
Throughout the test period, similar transmembrane pres- 
sures were maintained for both control and lest hemofilters 
by adjusting the back pressure of the hemofilters or the head 
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height of the ultrafiltrale collection containers. The fluid bal- 
ance of the animal was maintained by reinfusing the col- 
lected ultrafiltrates. Transmembrane pressures and UFR 
were closely monitored throughout the test period. Acti- 
vated clotting lime (ACT), blood flow rate, total cell count, 
blood chemistry, and hematocrit were determined periodi- 
cally. The circuit was removed from the animal either at the 
end of the test period, or after the filter failed to function, as 
indicated by the lack of ultrafiltrale at a given TMP. The cir- 
cuit was then gently and thoroughly rinsed with saline and 
examined macroscopically for thrombus formation. 

• Results 

Average ultrafiltration rates of the heparin treated and un- 
treated control filters determined in vitro at various blood 
flow rates and TMPs are shown in Table 1. Sieving coeffi- 
cients for albumin, creatinine, sodium, BUN, phosphorus, 
insulin, and vitamin B,2 are shown in Table 2. No differences 
in any of the parameters measured were noted between the 
heparin treated and untreated hemofilters. 

The amount of heparin leache-d from the Duraflo 11 treated 
hemofilter into the circulating plasma, expressed as a per- 
centage of the total Ouraflo 11 heparin content on the device, 
is shown in Figure 2. The total amount of Ouraflo II heparin 
contained in the hemofilter is equivalent to about 800 USP 


Table 2. In Vitro Sieving Coefficients for Duraflo il Heparin 
Treated and Control Amicon Diafilter 20 


Control 


Test 


Solute 

(n 


3)/ 

(n 


6) 

Albumin 


0 



0 


Creatinine (MW - 113) 

0.88 


0.04 V 

0.97 


0.06 

Sodium 

0.99 

± 

0.06 

1.00 


0.06 

BUN (MW -■ 60) 

1.02 


0.17 

0.92 


0.19 

Phosphorous 

0.98 

+ 

0.10 

0.99 


0.06 

Insulin* (MW • 5000) 

1.02 


0.01 

1.00 


0.02 

B-12* (MW 1355) 

1.00 


0.01 

1.00 


0.01 
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Figure 1. Schematic diagram of the bilateral CAVH circuits. 


• Tested In aqueous solution. 


M704 


TONG AND HSU 



0 20 40 

RECIRCULATION TIME ( hr ) 

Figure 2. Mean values of heparin detected in plasma, expressed 
as pero^t of total heparin contained in the heniofilter. 


units. The amount of heparin detected in circulating plasma 
at 1 hr, 20 hr, and 68 hr was 60 units, 140 units, and 220 
units, respectively. 

The relative thromboresistance and performance of the 
heparin treated and control CAVH circuits were determined 
in an ex vivo heparinless sheep model using bilateral circuits. 
To provide an identical test condition for both circuits, the 
TMPs of the treated and control hemofilters were main- 
tained at similar values. Plots of TMP versus time for each 24 
hr study are shown in Figure 3A-3C. The measured UFRs at 
similar TMPs, expressed as a function of CAVH time for each 
24 hr heparinless experiment, are shown in Figure 4. In all 
cases, the control filters exhibited a rapid reduction in UFR 
shortly after the initiation of CAVH. The UFR continued to 
decrease with time. All control filters completely clotted off 
in less than 6 hr of CAVH in heparinless sheep. The clotted 
circuit was subsequently removed from the animal to allow 
evaluation of the treated circuit to continue. The corre- 
sponding heparin treated filters exhibited a smaller initial de- 
crease in UFR, and remained functional throughout the test 
periods, after which the test circuits were electively re- 
moved. Clearance rates of the treated and untreated control 
fillers closely followed those of UFR as shown in Figure 5. 
No obvious thrombocytopenia, leukopenia, or leukocytosis 
were noted throughout the testing periods, nor were 
changes in activated clotting time. Figure 6 shows the typical 
appearance of treated and untreated hemofilters after hep- 
arinless CAVH in sheep. Massive cfots were noted on the 
control hemofiller, whereas the heparin treated filler was 
relatively free of thrombi- 
Discussion 

Heparin coating of blood contact surfaces, until very re- 
cently, has been limited to relatively simple devices, such as 
catheters and shunts. Recent developments in heparin 
coated cardiopulmonary bypass circuits represent a major 
advance toward improved thromboresistance of artificial 
devices.* One key requirement for heparin coaling of a he- 


mofiller or hemodialyzer is that the coating should not inter- 
fere with the mass transfer properties of the device. Heparin 
coating techniques that involve the use of polymeric 
binders, or modification of membrane substrate, may have a 
detrimental effect on the convective or diffusive transport 
processes of the membrane. To avoid the negative impact 
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Figure 3. Time vs. transmembrane pressure of the Duraflo II hepa- 
rin treated and control CAVH circuits, (A) Test 1: (B) Test 2: (C) 
Test 3. 
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on mass transfer properties due to heparin coating, Arakawa 
et ai developed a hydrophilic membrane, along with a hepa- 
rin coated catheter, tubing, and header to enhance the 
thromboresistance of an ultrafiltration system/ In the 
current study, Duraflo II heparin treatment was applied to 
the various components of the CAVH system, /n wiuo perfor- 
mance results (Tables 1 and 2) comparing a Duraflo II hepa- 


Figure 5- Average clearance rates of the Duraflo II treated an-'g 
control CAVH circuits. (A) BUN, (B) Creatinine. 3- 


rin treated hemofilter and untreated control filter clearly indi § 
cate that the mass transfer properties of the polysulfon- 
membrane are not affected by the heparin treatment. Simila 5 


Figure 6. Typical appearance of Ourafio II heparin treated and 
control hemof liters after heparinless CAVH in sheep. 
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ultrafiltration rates at a given TMP between heparin treated 
and control hemofilters suggest that the wetting properties 
of the polysulfone membrane are not altered by heparin 
treatment. 

Stability of the Duraflo II heparin coating system on an 
arterial blood filter has been demonstrated previously.® In 
the current study, radioactively labeled Duraflo II heparin 
was used to determine the stability of the coating on a poly- 
sulfone hemofilter in plasma. The results indicated that the 
amount of heparin leached into circulating plasma was insig- 
nificant, and was far less than the amount suggested as neces- 
sary for a heparinized hydrophilic polymer.' The in vitro re- 

J suits are consistent with ex vivo animal studies that showed 

— no changes in ACT. 

•g* The thromboresistance of the Duraflo II heparin treated 

CAVH system was compared directly with that of an un- 
o treated system in a heparinless ex vivo sheep model. No de- 
^ tailed hematologic study was performed in the current 
^ study, since blood flowed through both treated and un- 
^ treated circuits. However, the experimental design does 
■g provide a condition that allows for direct assessment of the 

relative performance and thromboresistance of the two cir- 
^ cuits, because blood having identical thrombotic and hemo- 
^ static status circulates through both systems. Under this con- 
m dition, the Duraflo II heparin treated system showed signifi- 

cantly and consistently higher ultrafiltration rates, relative to 
TO those of the untreated system. The usable life of the heparin 

treated system also was substantially prolonged, compared 
^ with that of the untreated system. The enhanced perfor- 
■g mance and prolonged usable life of the heparin treated cir- 
(Q cuit are a result of reduced thrombus formation in the cir- 
^ cuit. The improved blood compatibility of the heparin 
g treated circuit cannot be attributed to heparin release from 
^ the circuit, because only an insignificant amount of heparin 
^ was leachable. Previous study has shown that immobilized 
*3 heparin was many times more effective than corresponding 
^ circulating heparin. '° The mechanism by which the immobi- 
J5 I'zed heparin functions still is not clearly understood. It is 
± possible that heparin placed at the sites of blood activation 
g (foreign surfaces) modulates the types of protein adsorption 
■55 that may be ultimately responsible for long-term blood com- 
^ patibility. Immobilized heparin also may be more effective 
S in inhibiting the contact activation system, 
g Potential benefits resulting from the use of Duraflo II hepa- 
.9 rin treated extracorporeal circuits have been demonstrated 
^ clinically. Reductions In activation of the coagulation sys- 
S tern" and inflammatory responses," as well as reductions in 
_g blood loss and blood transfusion requirements* in patients 
E undergoing routine cardiopulmonary bypass, have been re- 
2 ported. Totally heparinless CPS also has been performed in 
^ n patient with multiple trauma and hypothermia.'^ It appears 
§■ that similar benefits may be expected from the heparin 

irtMled CAVH circuit. 
5 Thf eiYicacy of CAVH theropy depends, in large part, on 

duaronces continuously maintained over a long period of 
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time. The results in this study suggest that the Duraflo II hepa- 
rin treatment may enhance the safety and efficacy of the 
CAVH procedure. The heparin treated CAVH system may 
be useful for patients who are less tolerant of systemic antico- 
agulants, and may allow the systemic heparin protocol to be 
modified so as to prevent filter clots in patients with bleed- 
ing disorders. 

Acknowledgments 

This work was supported by Renal Division, Baxter Healthcare 
Corporation. 

The authors thank Christopher Kendo, David Witso, Norma 
Ofsihun, Paul Soltys, and Marsha Kray of Renal Division, Baxter 
Healthcare Corporation, for their support and assistance. 


References 

1. Cotch FA, Keen ML: Precise control of minimal heparinization 

for high bleeding risk hemodialysis. ASAIO Trans 23: 168- 
175,1977. 

2. Kaplan AA, Petrillo R: Regional heparinization for continuous 

arteriovenous hemofiltration. ASAIO Trans 33: 312-315, 
1987. 

3. Pinnick RV, Wiegmann TB, Diederich DA: Regional citrate anti- 

coagulation for hemodialysis in the patient at high risk for 
bleeding. N Engl I Med 308: 258-261, 1983. 

4. von Segesser LK, Weiss BM, Garcia E, Gallino A, Turina M: Re- 

duced blood loss and transfusion requirements with low sys- 
temic heparinization: preliminary clinical results in coronary 
artery revascularization. Eur / Cardiothorac Surg 4: 639-643, 
1990. 

5. Toomaslan jM, Hsu LC, Hirsch! RB, Heiss KF, Hultquist KA, 

Bartlett RH: Evaluation of Duraflo 11 heparin coating in pro- 
longed extracorporeal membrane oxygenation. ASAIO Trans 
34: 410-414, 1988. 

6. Hsu LC: Heparin-coating of bypass circuits: principles of hepa- 

rin coating techniques. Perfusion 6: 209-219, 1991. 

7. Arakawa M, Magao M, Gejyo F, Terada R, Kobayashi T, Kuni- 

tomo T: Development of a new anlithrombogenic continu- 
ous ultrafiltration system. Arl/f Organs 15: 171-179, 1991. 

8. Palanzo DA, Kurusz M, Butler BO: Surface tension effects of 

heparin coaling on arterial line filters. Perfusion 5: 277-284, 
1990. 

9. Idezuki Y, Watanabe H, Hajiwara M, et al: Mechanism of an- 

tithrombogenic heparinized hydrophilic polymer: chronic in- 
vivo studies and clinical application. ASAIO Trans 21: 436, 
1975. 

10. Tong SD, Rolfs MR, Hsu LC: Evaluation of Duraflo II heparin 

immobilized cardiopulmonary bypass circuits. A5A/0 Trans 
36:654-656.1990. 

11. Cu YL, van Oeveren W, van der Kamp KWHJ, Akkerman C, 

Boonstra PW, WildevuurChRH: Heparin-coating of extracor- 
poreal circuits reduced thrombin formation in patients un- 
dergoing cardiopulmonary bypass. Perfusion 6: 221-225, 
1991. 

1 2. Cu YL, van Oeveren W, Akkerman C. boonstra PW, Wildevuur 

ChRH: Reduction of inflammatory response during cardiopul- 
monary bypass by the use of heparin-coaled extracorporeal 
circuit. Ann Thortic Surg, 
n. von Segesser LK. E. Garcia E, Turina M: Perfusion without sys- 
temic heparinization for rewarming in accidental hypother- 
mia. Ann Thorac Surg 52: 560-561. 1991. 


{X, 


2 § 

3 « 


t/) -b V w 

a, a» g ^ j= 

TJ-5I i^- 

J5 c ? 2 -J 


3 -2 

tS e !« 


i .2 


5-5 "3 


=t -SI 

11 ^1 


II 11 U 



2= 



2 .£ 


S 


I I I 


— "2 '-s i 


O 5- 


-pa 


1 -e^T 


•-^ j:> 00 *- ? 
£ T3 _ 5; « D- 

^ Si § 

3 


> 'iZ OJ C aJo c<C 
Si 2 


>^ ».§ ^1 bO^'- S ^ 


S S m 

o» O * — } D. 
«J -S S H 


^£ E.|i S^rJ 


q; i •J .S 



§ls - - 


g ^ o 

ra ^ ^ 


•Ss "I g<i sS-S,s g 


X 


— ft' 
o o 


-o ^.H'g gf-f so 


J3 
C 

E 


11 

•J 8 


^ "5 


X — ' 


I S 6-SiS|2 S 

5 9^-^ I -§.10118 


° ^ OT^ E O 


I 
I 

cr 
6 


S S > 

b O a» 

i!-s 
= ^1 


c4 


c 


I 


J3 

E 

C 


!2 

60 C 

*^ o 

**- S3 
O ^ 



< 


u 

I 

u 

£ 

Si 

X 

u 
o 


g 

X 

u 
D 

« 

q 
£ 

£ 


X 

I 

o 

I 

5 

£ I „ 
u — u— o 

^ I ^ 

£ ?i £ 

u S!, u 

X X 

u u u 

q § 

X X 

£ £ 



5 11 lliil 



i 

In; 
s 

Q 


1"^ 


cl 5 M oo 

o ^ S ^ 3 Z2 

U TJ CL- E '"^ 

(Oft* ca ^ 


■ w 


« « 2 "S J 0 

^ -s :: 1 ^ § § -s g>a 

cL Q o o^-rt o e 


«j o 


■ ^ -S 4f a, 


" x^S >^E ^ ^ - « 

^s^l 2i1>i e:§ 


o 


1-1 T3 


"So 


_o o -2 9 £ «j « 

JS ^ S 8 § » 


X 

u 

XXX 
O U o 

£ I £ 
u— u — o 


X 


X 

. u 

£ I £ 

X V. X 
X 


S g o S 



6t> 


C 


a» « r ^ ^ CO « 


.S -o 5 > € ^ o .5 ^ 

— ^ 41 O 

« E > S 


ft VI 

cn -r; 43 


5; c -€ 


i5 o i= 2 


tr (u o « 


00 


3 


5 C « «n fti 


f 


o 

g 



S C 


?; ^ c 5J 2* ' 


o J 


ilUl'tlliillSlli 

5 X g3 . 


6 « 0/ 8 


1-2 


i£ S S !.£ s J, -5 § B g a ^ i S J S •§ £ 2- : 



o 


3 
O 


o 
< 


o 

u 

6 

e 


< 



2 
U 

I 

X 
U 

I 

o 

I 


5 ^. 


X 

X ^ 

o— u 
£ 

O 
I 


X 


X 

I 


-1 a' 

E £ 3 

j: o g 

.t: 'JS o 
* « 


21-^ Si 6 

■ ^ 4) 


c oJ 2 S S 2 


S 2' 


, — « 1^ 


■| 5 S I o . 

«i 2 J- J, ^ ^ 



c 


«i 1, U ^ I v 
C O C p O J5 

1 « ^ "S 

5i IS « « £ n 

« ^ :s :S s ^ i 

^a J6 1 .2 Si, oj 

ri 6 60^':: 

•S 5 <= 2 2 ^ ^ 

2 <J ^ 2 
"tj ^ c -la -o 5 


^ -O S ^ "C 

s I p e 

5 «^ 6 in :g 

S « 2 I "s: e 

I 


"S 

•-a 

2 


0^2 

(O g ^ 


-s -5 rr «^ c « 

^ w, 2„ -n So ^ 

C o « o o o «^ 

e o 's 
1 1 I g 1 



•5U 


II 


Si 
8-8 

W N 


b G I W 3 



*i lH t-i 


to <g 

D 

6 


o .a 


^ o c 3 5! 
^ s=r ^ .9 I 

C S > 
bO X O 

si- ^1 

S r. S «y -° 


S 1 S « c 

° < -S g 




< 


>> 6 of .S « "2 .2 c**© 
•c -S 3 ^ S r . P .2 S o. 



■= o S. 2 S * => - ^ 8 t 

o 
o 


s^l : 

P C i; ^ ^ .a > 


111 i 

I "11 

"O w S 3> 

21 -o -e 
s = 3 ? 

OJ <u 


5 -s s srq ^ 

rill's 


S||| 


u s > 
c So > 


r; r- 


12 P 


^ "1 -I § S 
c O 2 8 


53 c 

bOS^ o G K 

S ? ^ 2 ^ 


o e c o 

8 3 £ s 
^ .2 


^ S 3 «. a> «o 
.S ^ £ M 

o ■ 

w 


4J 4) »-i -t; Ci 
S " -O a) 


^ .S St* ^ aj <o 


bOC 3 ? ^ ^ 



£.Sbo2i,5^ec:£B-'« Si f^^?^Sa.c 
2 S I £ S « £ f'-s I I 

S -a S J5 3 e fi?^ .a g r*. 


I "'^f « § 2 



I § -2 t 3 
> -i •= S £ 
•si I 


^ ' «i Cm 

illpl 

•5 ° o ^ c ^ 


5 ^ 

1 ?? 


Ylll^iS' 


so o 


7 c*^ « rf 


as n »» 

0\ <0 ex so 


5£e 

DOS 


i! 

e c 

o 

n 

at -6 

l« 

StJ 

5 o* 

6 2 
c 

<i 



2 
O 


< 
2 

U3 

O 

o 

2 

3 
cs 


O 

i 


i E « 8 « :S _ 

P g 


5 u -a 


' M ^ 3i 


^1 


1 a-o ^1^ -S^i S-^sis 


I 



a, o •£ :S 
c ^ « SJ o 

^ ^ S 

o I ^ 
S 2i - 


o 


2 .5P oj 


l5-siill^|g|ili| 



U2 'S *- J? ?5 S 


Si •= « S 3 Q 


ii § 3 9 > .a 


- a* c :S 

OS 

to 9 
3 6 


g 6 

.s -B i all 

a. -a 8 Z c ^ 




^ "S -2 oj 5 S jo 


5. ra ii 


E 


- .H f « £ S :5 


a. C 

10 ^ 

rt 

-° to 


« <u s _^ ^ u g 

9{ Jc 'S VI S £ ^ 
S i- Si *" « 

is Ib^s- 
!|a^-H -I: 


* «^ - ^ 'I I 

S-2 «g 



g-s-s 



o 


•c 

St 



.£ := <u ^ "E t: -s ' 

50 W5 '-^ 


or vj 
to -C 

c -a 


r 


§ «>.s i 1 1 g^^ I g ^ ^ 

<M -S "a 


.2 J 


c g S ^ S £ f 2 o J « |, 


is 


gx - 


> rt 4, 
60 4J £ 


c 


«n "r" ^ « ul o 

SP C g w » 

a 

« =5 i 

«u i; «n 2 

I'S - i J o 

S 2 c § 

— CO Ol 4j 



CO ^ 


>%(iii:«i-3c9 5S ol. 


o 

— 


ex. <u 

4» S »^ 

iq «^ tn a< t-j 
3: I, « 

^ ra 1 $a 5 15 

« -K 2 .S o a. 


o 


r 


c 

a 

o 

o 
iS 


1^1 

It 
as 

•2 5 


?1 


SI 

W UJ 


-sro 
§1 


.1: 


-So 

li 

IP'S 

.s s 

O u 


*l +1 +1 +1 +1 *t 41 
r4 so ^ ^ « >0 M 


& „ 


♦1 +1 %{ +1 +f tl tl 
g >n <«••«• in in o 


+' I +1 +1 I +1 *l 


«^ m d c*t «n 
+» tl ♦! ♦! +1 41 ♦! 
m «n « « 


o o § o e S 

^ --i «s >n " 
£ O O O ^ ^5 O 


i1 

IJ 


o a» 

5 y 


1 


•CO, ^ 


I 2 


1 -H 


O 52 


.11 


11 


^1 I s-l 


JS so 


C ■. 

-S o in 
CQ — o> 

c '"' 
: =3 2^ 


o « § 

^ 'o aj 


a. B 
2 

O 4> 

o o 


1 

to <«- 


600 


!-9 « 


^ ^ 


C c o 

c " 


o.. 

If 


Ceo 

>-. >, ix 
- ' , o 


Is g. 

O 3^ 


; t; — 

o ^ 

-1 r 

c O o 

!3 J3 
"S ^ 


° O 4/ <ij 

C « op C 

O a* «^ eft -g 

■S S °f CS ^ 


* 6 

I ^ 


^« i -2 ^ s tio 

H -o OX tS 65 o -AO d-ui Z S 

1>4 r4 <H t-l <>4 


i=5 

Ma 


it ^ 

«n <5 C 


g 60 


I 2 S c S _ 

-X « « > C S)>> 

'Cat; " - «» 
"1 



•5 '3^ il-?-ifr5^ x.^xt^^ 



O .2 
£"8 


J 


c .5 4: ? 
E -a £ ^ «j c ^ ^ 5 


- P 2 g ti- >.< o c «{ _r S i; E 


- o - E - >-•■*• .H c «{ o £ ■ 

^1 §is5= SKsr s^g^ jii 

t^O ^ S I c .2 ^ 2 2 O 


O S; 

. a. 
N o 


< 

i 


J3 ^ 


t2 


cq 

c 
o 
a. 


C ui fc," T3 
O t T ^ ^ 


§:9 


3 2 ;^ - 


«i o 


ST o 
o o 

O J2 


■ T S O « ^ W 


III 

•2 ^ c 


3 .£ ^ •£ "I o 

— oj aj — 

c ^ c 

<0 '01 


I ^ £ g ll ^S^"^ 


cn <a u 

5 " 


S5 - 


-3 JO c 0,-50 3^-5 ^ £ .2 


I c g = o 

.a ;§ « o - -g s « 


4* S) g 


4< n3 



&^ f cu J :c ^ ^ 3 © 


3 

o 

2 


n ^ js -jj 

S ? I S J g 

1 1 5 s 
s-i o c g i 

< *r: y J3 
.2 o - ^ S 


K wj <u J: 3 .t: 
8 = sp y 5 So 



e 

I 



_M 2 "O 
"(3 T3 ^ 

>> 2 

.CO 


O « 1:; 


»- g £ 
nj-c a. 

Sri 


11 

2 I 


C c ^ 

111 


a.^ to O c « o -5 ^ 52 *; c B'G 
I X Sf « " - c 



c 
o 

o 
3 

C 


§ 

I ^ 

! S 

Ol 


t 


«3 
U 

o 


^ § S 

CI .2 ^ 

^"g ^ 

(A CU <Q 

e ^ 
C ns wi 

o '3 o 
u 8 

o 


CO >H 


o 

&4 


S ( 


C OJ i 

t; <A 2 S 
§.5 2 7= ««.^ 


<U HI ■£ 


IV «j u 

60— -^i 


« O 


« 

-o 4i 

n .2 >N « 

60 S o 


^ jC c O <J o 

J3 O « • 

:5 5 » T5 S 

o c ^ ** ^ ^ 

4i tti O 3 .— ^ C 

o c -o tu j2 
S 1 .5 « ^ S 

s -o 60 A J3 .s o o £ 3E 


<n u u S 

o ^2: « o _j 
a o — 


:-a o o a 2 


° 1 ° 
o ^ o 


ti S; *J :- * • 


II 


' '~ ~ fL> ai Ti f\ H 

? -3 o. iG •= p e o S g g 

Jess 


' aj dj 

•2 > § i 


>> C « O 


-5 1^ !? - r« 



o 



^ o 

« ox 

C 0\ 


S J» 

u 

^ g 

c > 
C»l o 
CM Z 




a 


2? < 


-= to 


.2 S .2 
^ «> 


a •o 

6 


-"-JO* 

^ E 

-c -o *J 


-5 


E 


6 1i 


3 s ^ £ 


i s -f 


C <J 

2 o 5 


2 ^ a 


a 
< 


CO 


to c 

c «? B -t; 

I £ I 

c *• « ^ 

" "c •- 
•I - ^ - 

'o jS - 


c 

to -£ 
^ .5 


■5 


-— ^ e a a) 


'•i 5 


c 

.2 


^ J S 


5 «> " 


i £ 


£ S S 


.1 2 -i 


.2 S ^ 


S « ^ 


o «2 


•5 

3 


i i 

>. s s :: 

rz « « cj 

re E Q 


5 = 
3 S 


J I s 
i ° 

-a »- «n 

ill 

CS « ^ 


S 5 a •« 

.2 g ^ 

^ ^ I c SL 

- ^ «2 -c ^ 


2 S 


s 5 S c 


o. <S X 


.2 § 


5 3 
^ I 

6 S 


£ 
'5 


E .2 

ss E 


*r to -r* 


«3 _ 

5 t 


.- Q 


> ,2 

s 

orj Q 

§ "S 
o = 


2 
2 

c 
o 


£ .2 

<u > 

5 a 

2 




5 — o> 
O h u 

t3 3 " C 

6 s ! 

-S 3 «2 


-I 


C 5 


> 


3 

a" ■ rz s 

•»» o 

d w C 

J- ta c 

>> 


1 ^ 


f-t >r 


3 £ 

3 .s 
1 

«J o 

7" <u 

« c 

3 -i 


T3 
3 


» -a 
c c 
«, <a 

> % 
&1 


^ 3 J3 


£ >- 3 
*> 3 > 


f .2 ■- 


: 1 1 


2 " « 
^ «2 


.2 S 

^ .3 


o 

E 
c 


> 3 2 - — 'i? V 


^ a I 


5 


a 

e 

ej _ 
o S 

S j= 


s 


5 .s 


c 

>* a 


= ^ £ 5 


-a 

S 
o 

VI 

3 


o ttT a 


5 E 


3 


< 


2 o 


c 
a 

< 


5 « 

i 1 

1 ^ 

•I 2 


>> 

t3 


C 


15 


-a c 
c 




2> 






o 

o 

*« 


end 

igur 

Usu 

the 

o 



E 

-C 




2* 


o 

-o 


"«> 


c 

a 

-o 

E 


u 

S 

u 

> 

o 
c 

the bl< 

2 to 3 


s 


if 1- 


4> 


o — 

^ I i 


> 


•5 to 

t_ aJ C 
S ^ 3 



he 

c 
a 



< 

c 

E 

u 

ft) 
*2 

o 

o 

G 


j: 

u 

c 

CO 

c3 
O 

o 
a 

vf> 
CO 

o 
o 


c 

u 


c 

£ 


a 




tn 

o 



CJ 


o 


1 




o 

V 

d 

ITS 

3 


cn 
o 

-o 

o 

c 

o 




t. 


o 

CJ 





<u 

<3 

a 

t3 


o 


.2 K 


2 


■CJ — 


5 


-a vc; — ' 


3 5 ~ 

.2 c .5 


o 

V. 

CX 


® 


J 3 

o o 


6- 


M M 


li 

£ - 


2 " 


Q -5 

hi o 


to 


o> E 


<u 


Q. t3 


z s 

E S -3 i; 

C3 3 w 

S ? 


ta 


«0 ^ 


to 


t: — -o 


j= c 

3 


3 

5- 


5 
3 


■—, ft) 

'5 ^ 


(2 

c .2 


^ « 


3 -- 

8 


e 


"I I 


.2 — " = 


1 5 — s 


.2 


« -5 


5 3 g ^ 

E s 


o 
X 


e .2 


? s 

CJ %- 

S 3 


■J ^ ■:r ^ c H 


3 S 


e 5 


at _Q 

i I 


E _ 

§ 1 


c 


5 fi 

c .a 


c 


^ 5 a 3 



— o 


5 ^ 
8 g 


a c 


S 3 S 


5- £ 


« c 3 g ^ 


" .J: 


o. 

2 
a 

O 

o 


2? -5 




t 



J ° "2 
H 5 


o X <w 

•3 ^ 

S -= " 

g « 

« a E 

S "» 

S c « 

X ^ <j 

"■So 

c « 

-C 6 ^ 


"S --3 


<a 


-s 3 

C3 O <u 


X -5 
c -? 

1 s 


S 
-a 


i ^ 1 

4* t .j= 


•6 

>» 


*3 5 


-a 


o 

""^ o 

i & 

o «t 


c- .2 

i ^ I 

c *; 

3 « 


C 


X 0> W 

o. *^ 

c S s 

(4 c « 


- 1 


.2 6- 


es 
CX 


\- ■ o 


C > a) 


c ja 


C 


ffl .5 
« -5 


.2 c 

13 O 


£ •» C 

a* o» 

3 S S 

1 g S3 

« .S 

c :S 2 


o 

c 


s 


3 W 


^ N ^ 
o .3 E- 

« J3 .2 g 


2 


f3 o o 


-fi .s 


- .5 


E 


J3 


O .5 


£ <2 I ^ 

^ g E 

rr. 


Hi i « 

« ^ H •£ 

- £• ^ g 

i^ -= o S E 

> c ^ « 


.5 2 5 « 


a 2 
X ^ 


^- P « 7. - -2- , c p 


•a c CO 
a g 


J3 
>> 


i: ° t PL, «« 

c; c . -r " oj -a > 


T3 ^ 


5 -£ 


.!= to ta "S 

? c ^ .S E 
« 08 "a rt o 


^ to 
<u to iT 


<2 ^ 


•C -° -5 

ea « c 

& 5 -5 


2 S ^ ^ « 

S > "3 ' 

O a> II m — 

" Q £ Si £ 


it! 


c ^ 


tr* j: 


a zi 


6 ^ 


*o 1. 

11 


c O O 
to bO P 

.S E 5 


5 S> 


X 


c 


-T3 
C 
3 


•5 tg 


-S E § 


5 ^ ^ 

1 5 -a I 


5 s 


3 '£ 

1 1 


1 


- a 

S E 


§ 


^ ^ - ° 

5 


3 

C 


t5 o ^ 

O 

E 


^ .1 S d 


E .2 


-a „• 


C3 ^ 


•5 


W 4> 


g. o .S J I -S o 5 

^ ^ toSS's--! 

3 :2 ** — '3 £ c t! 

« a ?; * 3 s « o 


S -5 


1 


O O ^ 

°- tS §. . - c « 

§ ^ E I S. 5 

o o c o • -a o g 

s * 1 ^ -s : 


3 
O 

•c 


".5 « 


M 

E 
«* 

3 


OO 


> ^ ^ 5 S fc 


«> -5 


■t; c»- 


S « w c 
o ,3 01 'S 


c -5 

w q * 

_ c o ^ 

.S .2 -ti 9* ^ S 


g S w 


s a 


fj c 2 
■5a o- J 


^ ^ -c 

£ c §. 

s -2 « 

! ? 1 

C e « 

«u u 

■> 


o 

•a £f 
o -a 


S I 5 


e 
P3 


s ^ 


,2 ° 


.-2 . 


£ J 


II 1 1 

^ 

^ S « 


i: c3 


,2 - S 

O 3 i 

c < es 


o 3 


^ i 

8 S> 


fc- — o 

;. « ^. a S 


11. 


to 


3 

E 


c: 
3 


5 


£ e 


" 8 


S 1 ^ 


« <" — 1 r* 

5 o to 


£ 3 


£ 


•= « -f 

3 £ - 

3 


to 


6 «" a. 
1 - 


C 3 

S g £ 


i I 


CI o aj 

■5 3^ 


jQ 

•a 


-C 3 


^ I S, 6 -2 


3 


E 


£ 

warn 

^ g 1 

ea <-> V- 


o .2 2 


o. 


>» 


C3. 


.3 1 5 ^ •£ 

,5 c o «2 — «i 


•J 


^ E « c 


= c — 


.2 o 
1. 


-5 .2 3 2 s 
S - s 5 o 

O c 3 C 


« c ^ S 


1 1 


2 

c 


2 2 « « 
-Q r: ttj ej 

o " " ^3 


« 2 

*^ *s _ 


a. i= 


c3 o . 


tb 


c «> 

.:z — > 

>- o 

-£> 3 

s I 

£ CO 


Sf 2 

^ "S rs 


o 


3 -5 


.2 fc. 



I 1 2 
S S 1 


5 5 

o ^ 


eta. 

C14 u 


S c 6 

C o M 

^ 1 = 


1 ^ 


-a 

o 
o 

la 


6 c 


3 


o- -9 
2 i 

c * 

11 


* 5 ^ 
^ en t* lo 


= CO -t 
a 

* c 

—> o 


•5 « 


s < -2 

cx c 


« 1 
-5 .5 


5 S 


o *» >> 


c 3 « 

■2 I 


o. 


:^ -1 


«5 = 


£ 


t ■§ 


o 

5 e S c 


o ,2- 


« .£ 


-Q .0 


C QJ g 

•- C o 


^ ^ -2 
■1 S 2 


1 i 


"5 i> 


3 


03 


S> S "5 
Sec 

Qo ea 


^ I .1 


S 6 .2 


-a 

3 


£56 


e 
e 


6 3 -2 ^2 S 


3 -2 


a 2 o- 

*S -S 

.J= .£ ^ ^ 

£ -S E •£ 

-5 > a > 

- » "3 U o 

« W > T3 X 

0 fc. *i -rr 

4; a « « fc: 


O. 

e 


a- 2 


a 3 Z 

0. 

e 


s 


a CO C* c o 

I I S I I 5 1 


o. 

i 


0 ^ s» c 

"s; .5J « .2 

1 t .2 .S 

S 9 « 

C C o <u 

& *^ o 

g. 'bfl & 

« ^ .£ c 

.£ « i$ S 

S 3 ^ «s 




k Jit 
c £ 
-2 S 


c 
a 


I 1 


2 ^ 


« 2 


i5 .2 
a CO 


I E 


^ s 


o 

o ^ 


« E o fc 

" 15 i 

CI 

^ g g - 


3e — 


«» o 2 


^ 5 


^ c 


o. .5 .ii - 


^ E 

1- 


O "3 


'5 IS 


i2 c 


CJ 2 


5 ij 


.2 :S 


« .5 

.C o 


O A % 

E « I 

-a c i» 

§ s s 


ti) J3 


5 .2 


o 5 


^ n 
X E 


1 1 


S'- E 


.2 2i 


1 1 


n 


o 

£ E 


. « ^ C 

1 1 E 
1 t I i 


3 S 

■i 5" 

i I 


2 

>, t 


8 S 

a ■§ 
1 I 


« 

I I 


O 13 

5 S 


"a E .2 >. 


5 S 


E 
c 


E 
c 
o 

*5 E 


o. .3 5* S 


o — 

3 Q X 

-O -5 « 

2 « 


I 1 

1 

« -0 


a S 


E .5 


^ :S 

a a -I 

«j « c 

-5 ^ ^ 

a »- 


« * E 

5^5 


.2 3 


5 
c 

s >. .2 


" 3 

• E « 


5 


a a. ^ 
E i S 


3 


2i 
rS 

s 

•a 

I 

e 

«2 


* 2? S 


fc 3 > 
s 

. £ c 

c -a " 
•—*>•» 

.1 £ 'o 

I s I 

^ E o 
3 « -2 

" O 3 


2 tS 

o g 


-a X) 

C u 


O) 


„ 3 

tfl °- g § 

r- « O 

O « <U <^ 


« 3 

- 2 -S 


CO 


CO 


« CO 

S o« 

E c 
c: 

£ ^ 


^ E 

c «i: 

C3 O 

E Q 


E 
o 
E 
a 

M 

C 


CI 
•0 


C 

2 c 
^ o 


c — 


Cl 


s :■ 


s 
\ i 


OJ 


? 5 e 


5 E 


11 i 

I i 1 


1 1 


E »- 
o O 


S a S E 

€ Q i2 

S o 2 »- 

S " 3 U 

3 o 
-a 

-S S w 

§ 1. g 

^ S -5 .£ 


c 
ej 

o 

o 


3^1 
I 1 S 


ti E 


tn O 


5 

s 

n 
u 

a 
*£ 
u 


15 .t; o 


&5 

5 


2 -e c 
«> S 

to a ^ 

^ E 1 

3 E -2 


CJ 


2 5 ^. 


O .-2 ^ -^i 


■s •« 


"5 ■» 


to ■£ 

= I £ 

'1 « ^ 

j«: i= 

-5 J S 

2 ^ 

1 s s 

2 « 

- c; <u 

^ £ & 

t 3 S 

« £ S 


c 


£ 5 J2 

« ^ 5i 
£ 2*?-^ ^ 


s i I 

« to 

£ ■« :h 

<0 (3 «> 

c: -g 3 
coo 

^ :S H 

— « 

2 -° 

3 «> _ 

I « ! 

I I 

a I i- 

^ - ii 

s. « s 

£ 2 2 


S rS -g 

0* a 

J= o ~ 

S « 

3 -i 

1 t c 

S E S 

^ J J 


^ E 

3 <U 

s 1 

«) <3 

m -a 

I J 


& 6 

CO 

1 ^ 

C O 

£ e 

3 p 


3 3 o> 
o o .tJ 


S £ 
5 > 


c 


S « 2! 
5 «^ 


« S 

« ■ o 


8 °- 3 


Cl .'r: 


S .2 


^ 1 


S ^ 3 

- I " 

c -a ^ 

■2 -t^ g 


3 2 
1 P 


E 

£ o 

•3. :5 

£ c 
<d 

"a 


S 8" ^ 


1 1 


■-2 


£ 3 ^ 
«< o 


C-3 = 


c s 

I g 

S <N 


4/1 

1 3 

£ i 

-O CO 


2 g 


1 « 


o. 6 

<3 — 

u -a 


5 :S 


5 

0 g 

e ^ 

Ul 

1 ^ 


J3 


CO 

6 


o 

I - 


5 


o ,3 .2 


1 ' 


3 ^ 


3 c 

-a .2 

c c 

(3 « 

& 3 

% " 

•a 7=, 


S 


a « 


9 


" .E 

O tn 


«u <u 

to o V 

-3 -2 I 
o. 

0 

^ g 

E « E 

p M 3 

* g .52 

s •« -a 

to S 


11 


e 

I 


3 


« o .2 


B .£ 


CO 


<u It; 


Q 

s I 


g E £ 
S £ I- 


cog 


-3 « .tj 


1 ^ 

I § 


~ d 


.2 5 


w 3 


o 


I i 


1 ? I 

o o u 

o. txi £ 

1-i t 

3 O « 


►J 


<3 0» I 

t. CO » 

0 es 

" X £ 

1 if 

5 I ^ 

«e "3 a 

^ .S 2 

i; c « 

S ^ CO 

■5 3 >» 

o 

.5 I. w 

«5 »J 

1- o 

- o o 

i •> 


CO CO 


2^ ^ 


I 2 


5 


> 


O . 


o — 
O 

c E 

o c 

£ s 


E 


c o 

o 


o O 


i2 

c 


C g « 

CO X -S 

3 :§ 8 

"» c 

<u m a 

" .2 


5 13 


« « c 
•o -a ca 


3 

o 


CO 
6 


f 3 

5 3 


to 

2 
a 

-o 

c 
a 


CO 

< 

►4 


(U p> '-I 

« S3 

c w 
.2 


s 

Q :^ s 



M c 


e 

jc 
u 


a 

M 

U* 
O 

o 

2 
M 

« 
U 


o 

CQ 


X 

o 


c 

C CO 
•H .-I 

^ > 

= . 

• C 
K O 
-H 

1* ** 

Id u 
u o 
a 

M 

o 
o 

•o 
w 

u 
u 


-JJ 

e o 
x: r> 

O ■'I' 

CO 


o 

c 

o « 
> c 

0) o 

c * 

e -H 

3 a 
. ta ui 
i3 o 
^ X, 

o 

o >i 

•H 

• o 

°c 

c o ■ 
o u 

U M 

a < 


u 


CO 

n 


e a» 


*J C 
« C (0 

<0 .-I * 
CLi r» 

o 

.H O - 

<a -a r-i 

e o « 
o x: i4 

x: ^< 
o o w 

v> <U n] 

x: <p 

O «M 
CJ O fi) 

c ♦J X 

u 

- O ^1 

tt O 
>H ft] <M 

0) • 

+J O r^ 

tn o 
in u e. 
0) o 

rH «W 

c ta 

ffj 4) 3 
4J W X 
W 3 0) 

3 +J ^ 

c <u u 

RJ J-l-H 
•H 3 >i 


14 Cfl 

3 +J « 
EC (A 

(u <a H tn 

cuu - u 

C E O 4J 
3 V 0) 

X « x: 

*J H 4J 

(0 o 

g e 

»J • o 

o (1) (n 
«M x: -o 

«j o -o 

CL. o <-! o 

o +» ♦a 
00 la 4) o> 

^ •H 

o 4) a M 
4-> ^ a 

C) -H (1> 

u^x^ o 

JO ^ 4J 4J 

o m o 

0 c <0 
O >i w 

M ^ 4-> 

flj M 0) 
-3 O C 
-n O 
r^ -H «j ^ 
0) n E 

> -a 
Or> 0) V 
*j c x: w 

(u M 0) 

tn o c 4J 
a; ja -w w 
M >, n 

<o <d Vi •o 

01 o A c 
O ^ O 3 


in 


xj^ to u 

•H -H "a 
o vi u 
XI o o 
a 

g c 

O -H 
O 

x: « 
u u c 
u <a o 

n3 X3 X} 
0) o 

c 

O 4J 

X3 *0 

• u x: 
n <o 4-> 
e o 
\ o 
^« *i 


0) 


O 

c >. 
O 4J 
0) 0) 


X5 _ 
O E W« 

O -H 


(U (M tfl 

*i O 

J -r-< 

C C 3 
O « "O 

CP o 
C «-t f-l 

W > 
3 0) 3 

u a> 
xa x: «w 

M 4-> 

o x: 

(fl c -P 
<U O -H 

O Q) (A 
4J 4J 4J 
O C 
tn 3 n3 
T3 T3 ^ 

C c a 
«) O E 
4J O-H 


o * o c +J x: -H 
u a o <o 4J >-i • 

QJ>«M^CC>C 

m flj o 3 (0 o -H 
<u ^ ui 0) -p 
^< o w >• a-a TJ w 

>, (0 O -H W 4J 

eo • O 1-1 XJ <0 >i 
CM C <d -P 

e 4J c) x: •'H -H 4J r^ 

.H (n o <u Q) u) A 

V4 a <i) o c c *J 
ae-!i<;c^«fljo«3 
o «j o 4J +J a. 
a)uv44-><Mtn<ug 
x: « w -H >; o 
+JVix:-«H^4W^<o 

0) 4J (A O O) 0) o 

«MXJ <u o-i ^<x;-H 

O -H i4 M JJ XI 
<H <U 4} rH a> 

x: c .-( a <o >t>i 

OCa)«03*JrHM 
30.H4JWCOfl 

X, sx >^c 0) a. c 

^, c a) <u e 'H 

(0 o 6 X3 c <u E 

• o x: c o x: -H 

e\ao o n+JiH 

«) <U "-^ W< +J -H 0) 
iH C >t-H > <W ■ 
X30^><UCOO< 
O <w O C > <U 


»^ rH P< 0} 

a 3 

Ul Q} U 

« >ix: Q) 


o a Hi 

^ 73 U E 

PL, O C O 

o (0 tn 


•H rH 4J -P fl) tr> -P 

x: o -P n 01 TJ 

4Ja<-P«0>-«-HC 
40 X3 O (A (Q 

o c x: 0) IH « 
> o -p x; V4 v< - 

cH O «3 © tt 

0'dC3x:D.O4J 
m<u>Ej->oec 
0) </] a> x: <u <u 

»4 3 -H <J) rH U > 
O .H > rH « 4J -H 

oo<iiis«Hx;xo 
4JVixax:»EHOin 


c 
o 
-H 

-p 

n] 

M 
•H 
V4 
0) 
4J 
U 
fl> 

u tn 

A rH 

x: A 

O-H 

\ ^^ 
c a 
o -p 

flj o 

(0 

w tn 

\ 0) 

&> c 
c o 

-H 4J 

■P <U 

flj M 

^5 

ta « 

to 

O 0) 

a. >i 
o o 


tA U 

a M 

§& 

>* rH 
H O 


ITJ (U 4-) 
•H W C 

o w <a 

«M a « 
-H *j e -H « 


C 

o 

wi — . 


tn x: - 4J <u 
n H 'M in 
nj C O *M rH O 

•m rH . o T3 
O C -H <U IS O V4 

o <a c E o 

fO -«H 4J O rH <U 
4) -P 0) X3 10 Vh -P 

woe o 

«J 3 <U -H rH 

•a «M x: o^r^ 03 
<u 0) «»-< 4-» o -r-t tn 

x: Vh "H ^53 

4-> 4J <«-< O = 

<u tn o w 
c xs V) 0) tn 

'H *j o CP >. 3 «a 

+J c x: w 

CM -H w 

k jJ C -rH Q) 

fl> C O « 4J W 

u tn « x: <d 

C -H O «3 4J iH iH 

o x: <o (u <i) x^ 
o Eh -f-> > o x: tx 

CO TJ Q U 
C • CO) (0 

•H CP >, <a OT D« 
W C »H. c c ^ 
At -H O C O (0 

4) *a 4J o □< to 

M ^ -H to O to 

O fO *i Q} c o 
C-M'O OaU o u 

-rH X: O »H XJ 4J 

tn E o c tn 

*M e in -H 4J 
O W -rH O <0 TJ 

tn u VI xz Q) 

in OJ 4) -rH 4J -H 
E ^ C tn. rH 

« 4J o Q) cr to o. 
n X3 u c a 

XJ 3 -rH (Q Id 

O M C (0 rH tfl 
)H -rH -rH O <U OJ 

a -a x: x: 

ta c 4J o u 4J 

4) O. <U fli E 

c <H o x: 4) x: o 
o x: n 4J > 4J 


TJ 
0) 
Ifl 

(0 -H rH 
rH C 4J 

e 4J 


-H -rH 


u 
u 

3 

10 o. 
Xi . 
<U 01 o 
E C ^ 

o Id 

*w XI 
<w to 
•'^ OJ >, 
4J x: o 
tn 4-> »-H 

rH 

0) >, Id 
x: X5 

■P 0) 
73 E 
>t <u o 

X3 -rH K 

n x: 

0) 10 
W O -P 

3 rH 
10 >, <0 
O rH X3 

rH O 

tn Id u 

^ S TJ 
D>0 C 

c c Id 

TJ TJ - 

rH Id W 

0) O ^ 
•H rH 0) 

x: d) 

in o> -p 

x: in 
0) ^ 

in to 

4) CT* CO 
M c o 

4J -H rH 

"&.S 

0) »H Id 
x: (d -P 
ti o to 


M 
C 

•-a 
Q 


d 


< 

3^ 


o 

. c 
• w 

\2 


s 4 


1 


CQ 

-a 
c 
a 


o ^ 

6 :2 


^ o 


Sh «2 


52 of 


o c 


rH E 


•E 


c 


- 4. 


I 


Q 

d 


2 o - o 

^. csT 
S3 S - S 


c d 

i & 


.2 « 


S5 ^ i 

CO iS c 
S :£ :S 

tn CQ 

11 


-r- m 


ci i-r « 


:= 2 

c « 

(O Eh 


b 


I = 
H 3 

OS 


OO 


• « c 

« r! 


E S 


^ ^ ^ - 5 


pa 
c 


_ 1 I S 
o c « -a 
= S I g 


- a ^ 


C 
& 

c 


c 
< 
Pi 

a 
o 

to 


Q 2 ^. c c 

— a. £ 3 

2 e « « « 

S 5 :2 5 « 

S " i S > 

„ 't; — .« o 


ca 


TJ 

2 


« ^ o 

P N « 

^ 4 ^ 

^ .£ 


S o S 

1 1 
S 1 K 


CO 

s 

e 
a 

T3 


"a 2 2 


»— ^« " • „ — ^ 


e 

a 

CJ 


g 2 o -t 

& SL g 

0 M o 

S * 1; 

£ s ^ s 

« «> u >. 

1 -O TJ > 


►4 


M 

CJ 


POLYSCIENCES,INC. 


. TDMAC-HEPARIN COATINGS 
For Preparing Antilhrombogenic Plastic Surfaces 


400 Vaa«y Road, Wairington. PA, 18976-2S90 - 315-343-^84 . IWX 510-445-8542 - FAX 215-343-02U 


BACKGROUND 

The use of heparin bonded to various surfaces was first described by Colt using a graphite-benzalkonium chloride- 
heparin (GBH) Cott showed the clinical value of using vascular shunts with wall bonded heparin in six patients 
undergoing descending thoracic aneurysmcctomy The principal disadvantages of the GBH coatings are the lack of 
transparency and tendency to flake when used with flexible polymers. A modification of the coating which overcomes 
both these disadvantages was developed by Bat telle Laboratories ^* and is available from Poly sciences^ Inc. This modi- 
ficationconsisis of a transparentcoatingof tridodecylmethylammonium heparinate (T-H). The clinical success of these 
vascular shunts has been reported by Gott * and Krause *. Dr. Gott and coworkers believe that T-H coatings greatly 
simplify the procedure for resection of aneurysn\s because the need for a pump bypass system and systemic 
heparinization which often lead to operative and postoperative bleeding is eliminated. 

The mechanism by which T-H adheres to a surface may be due to the large number of van der Waals forces produced 
by the lipophilic hydrocarbon chains of the tridodecylmethylammonium group- 
There are a number of other techniques described in the literature for impregnating a surface with a quaternary 
ammonium salt of heparin. These methods are generally more cumbersome and less effective. The solvent of choice 
for T-H coatings is toluene-petroleum ether 50-50 (v/v) and the b.p. of the petroleum ether is 70-96**C. More polar 
solvents maybe used although T-H is insolublcin water, methanol and ethanol. The T-H solution supplied is notsterile 
and the solution should be filtered before use through a polypropylene 0.22 to 10 u- filter. Cellulose filters are not 
recommended. 



DIRECTIONS FOR USE 

Several publica tions describe the use of T-H "•'»- At the 1976 American Society f&r Artificial Organs meeting, Roohk » 
showed that TDMAC-hcparin treatment reduced the fibrinogen absorption which may be highly significant since 
absorbed fibrinogen may be responsible for thrombogenesis. 

The T-H solution supplied can be used to coat surfaces madeof silicone mylar, dacron, polycarbonate'*, by simple 
immersion for a few minutes. To coat surfaces made of polyethylene and polypropylene, longer periods and elevated 
impregnation tempera hires (40-50°Oare often helpful. A teflon surface can be coaled by refiuxing in the T-H solution 
for 2-3 hours. The choice of solution concentration (2, 5, or 7% w/w), in the 1:1, v/v toluene-petroleum ether solution 
■ will depend on the desired thickness of the coating. For tubing or catheters with a small lumen it is advisable to use 
2% T-H to a void further res trie ting the inside diameter. For non-enclosed coated surfaces, 1-3 hours of air drying should 
be enough. Enclosed areas can be dried by blowing a dry stream of filtered nitrogen through the enclosed area for 5- 
20 minutes. After drying, the device can be sterilized by autodaving if the substrate will take the treatment or by 
ethylene oxide gas sterilization. If ethylene oxide is used, outgassing procedures are ad^vised. 

CLINICAL INVESTIGATION REQUIREMENTS 

Dr. Gott has obtained the permission of the Johns Hopkins Hospital Qinical Investigation Committees to use TDMAC- 
heparin shunts for thoracic aortic and innominate artery bypass in patients. The FDA has not yet decided if this 
Ireaimentfalls under the device or drug laws. Until the treatment is classified as a "drug", the surgeon and his hospital 
committee have the rcsponsibilily for its use. All investigators are advised to seek similar approval of their Qinical 
Investigation Committee for use of these coatings. 


O Polyscienccs, Inc. 


November 1988 


Rrinted in the'U.S,A. 
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Figure 1. Comparison of the different diffusion 
layer. The thickness of the tie coat (37.5% hep) 
is about 40 p.m. Note: the intiai release rate is 

-350 jig/cm*/hr for pure tie coat (not shown) 
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Figure 2. Comparison of fluorosilicone top 
layers with and without heparin. The thickness 
of the tie coat (37.5% heparin) is about 40^m, 
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The main advantage of the surface modification of the eluting heparin coating is to maintain 
the surface thromboresistent ornon-thrombogcnic during or after the biological acdvc 
species elute. Several approaches can be taken to achieve it 

a, ) Heparin-coatcd stents with or without the diffusion top layer can be covalendy bound 
with heparin or surfactant, which can bind heparin ionically on the outer surface, using ' 
various approaches for those skilled in the an; 

b. ) ncgadvely charged outer surface can be created by sulfonaang.or sulfating the'surfacc to 
form sulfonic or sulfate groups or by oxidizing the surface to form carboxylate groups and 
hydroxyl groups: 

c) surfaces containing high electronegarivity groups can be created by fluorinating the 
surface; 

d) immobilize the coating surface with polyethylene glycol, a protein deposition inhibitor, 
or phospholipid (thromboresistent). These can be done by those who are skilled in the art. 

Above approaches can also be achieved by top-coating a thin layer of polymers containing 
said bioacdve species or groups in a, b, c, and d onto drug coated stents (see example 1 
and 2). 

Another advantage of the proposed surface modification is to tailor the release profile of the 
active species. A negative charged surface may slow down the release rate of imbedded 
heparin due to charge-charge interaction, hence control the release kinetics. 

One other way to tailor the release rate is to coat a layer of surfactant bound heparin as a 
temporary blocker. Examples are TDMAC heparin or benzalkonium heparin. The 
mechanism by which surfactant-heparin adheres to a surface may be due to the large 
number of van der WaaJs forces produced by the lipophilic hydrocarbon chains of the 
tridodccylmethylammonium or benzalkonium group. Since the adherence is not permanent 
and will be gone in hours, such approach will delay the drug release and will not increase 
the final coating thickness, which is important in some stent applications, e.g. coronary 
stent application. 

Examples of the surface modification of during heparin coating: coat the tie-lay of the stent 
in a way described in our previous patents and cure the coating. The heparin content are 
37.5% and the coating thickness is about 40^m. Prepare fluorosilicone spray solution 
(Applied Silicone #40032) by weighing fluorosilicone suspension and add tetrahydrofuran 
by using the equation of Vjhf = 1-2* weight of fluorosilicone suspension. Stir the 
solution very well and spray-coat the stent in a way similar to the tie-coat process and cure 
the coated stents at 9(yC for 16 hours. The coaled stents arc Ar plasma treated prior to 
gamma sterilization. Figure 1. is a plot of heparin release kinetics in PBS buffer with 
fluorosilicone or silicone top coat or without any top coat The thickness of die lop coat is 
about 10- 15tim. Compared with the coating without the top diffusion barrier, coatings with 
both kinds of top layers showed depressed initial release rates and enhanced during rates 
for the rest of the first week . Figure 2 is a plot of fluosilicone top coat containing 16.7% 
imbedded heparin. Asa comparison, also included in the graph is a coating with 
fluorosilicone only. The tie coat in figure 2 are the same as in figure 1. 
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louic/Hydrophilic Density: Platelet/Monocyte Adherence 


SPECIFIC AIMS : 

The main objective is co examine the role of surface charge, 
hydropholicity, and spatial diaCribuCion of ionic (COO- and SO3-) siad 
hydrophilic (OH) groups on himan placelec and monocyte adhesion, and protein 
iateraction. This will be accoaplished by the following: 

o The preparation of a set of veil characterized substrates vith respect 
CO surface charge . hydrophilicity and spatial distribution of ionic 
and hydrophilic groups will be perfomed. The substrates will be a 
random and blocV; copolymer of styrene and butadiene- The random 
copolymer will provide a homogeneous surface while the block copolymer 
will be processed to produce surfaces having controlled heterogeneity 
due to the molecular phase separation of the two blocks [l) spherical 
butadiene and 2; irregular shaped butadienes domains! . The ionic and 
hydrophilic grovips will be Isolated on che butadiene component. ' The 
substrate will te characterized for domain structure by c ranamission ^ 
electron microscopy; hydrophilic and ionic character by contact angles 
and ionic character by atreamiag potentials. 

o The effect of che material substrates on cellular function «^ill be 
determined by platelet adherence and serotonin release, and monocyte 
adherence and cbemiluminescence . Cell morphology will be investigated 
using light microscopy and transmission electron microscopy. The 
degree of change in morphology from Che circulating cells will be used 
as an indicator of cell-surface interaction. 

o The role of plasma proteins on cell adhesion will be iirvest igated by 
comparing adhesion of che cells suspended in plasma to the cells 
suspended in buffer, def ibrinogenated plasma, and FXil, FXI and 
prekallikrein depleted plasma. The interaction of y-globulins and 
fibconectin vith the surface will be examined by using 
perbxidase-aatipferoxidase tagged antibodies to these proteins. 

o The interaction of platelets and monocytes from mixed suspensions as 
evidenced by adhesion and function will be evaluated on the 
characterized polymeric substrates. 


BACKGROUND AND SIGNIFICANCE 


A. Introduction and Rationale: 

The ability to "design" materials for use in blood contacting devices, 
requires a knowledge of how a surface interacts with blood. The interaction 
is complex with many comjecing reactions, e.g. protein adsorption and 
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deaorpcion, ?XII activation, conplemeac activation, platelet adhesion and 
activatioQ, platelet aesregacion. white cell cheaotaxis aad adhesi-oa, fibrin 
formation, fibrinolysis, vhite cell phagocytosis, and cbroTabus resolution 
(1-7). • An occlusive thrombus may fora i£ platelet aggregation and fibrm 
formation occurs rapidly due to the self amplification raachani^mi of thrombus 
formation. However, the elaboration of ancithrotabogenic agents, e.g. heparin, 
and fibrinolytic enzymea. e.g. plasmin, early in the blood interaction can 
limit thrombus growth. 

The rationale for fnis research is to study in detail the effect of 
surface charge, hydrophilicity , and spatial distribution of the ionic and 
hydrophilic groups on th- interaction of ' two cells, one important m throabua 
formation, the blood placelet. and the other in throrubus resolution, the blood 
monocyte. An in vitro experiment is proposed in order to nanmize numerous 
uncontrollable~a7iIbres. An understanding of the parameters that afreet the 
interaction of these tvo cells on synthetic substrates will help m the 
interpretation or future in vitro experiments vith tion-anticoagulated human 
blood and in vivo animal models . 

The basis for exaui-iing surface charge, hydrophilicity. and molecular 
domain formation in bloc-c copolymers, arises from the increasing experimental 
evidence of the influenc- of these parameters on cell adhesion and tnrombus 
formation. The lack of veil characterized substrates has been a major 
difficulty in interpreting past experiments and that this proposed research 
hopes to overcome. The research is designed to teat, with model substrates 
the hypothesis that an optimum degree of either ionic or nydrouhiUc (polar) 
interaction is desirable for decreased cell adhesion '^nd accivacioa 
rurthemore, the presence of moleuclar domains m the pol>-meric suostra.a ma/ 
further modify this response, and this effect t^iU be further axaminsd by 
isolating Che ionic/or hydrophilic groups to these domains. ^:^^%ePf,i;^"^7^'' 
not be the sane for plat-lets and monocytes. Furthermore, the optimum may 
also vary for the number adhered and the measured cell function (e.g. 
serotonin release in platelets). One major defect in Pff ^ . 

the arbitrary manner in '.hich surface charge and hydrophilic content has been 
measured. Surfaces wil.l be characterized vith respect to surface charge by 
streaming potential usin^ standard buffers, hydrophilicity by the ^^^^^^^^S 
^d receding contact angles of water and standard buffers of dixterent pH, and 
bulk hydration, surface oolar and dispersion content by contact angles of 
organic liquids, and molscular domain formation by transmission electron 
microscooy. These experiments will provide a basis for future re^earcn that 
viU evaluate thrombus formation in vicra with non-anticoagulated human blood 
and in y iyo animal models. ^ 

pertinent Literature Background 

a) Platelets 

Platelets olay an e.Jsential role in hemostasis and the interaction vith 
foreign materials. The Initial interaction of the platelet vitn the surface 


Proposal No. 


of a macerial may decernine whether platelet aggregation viU occur. 
Generally though not always, platelet spreading ca a surface is a precursor 
rt ^^l^^^e reaction e.g., serotoaiu and ADP, followed by aggregation 

1^.7 r ^^"^^^^"^^ influencing platelet interactions include C12,l^) e.g. 1) 
fLbrinogea adsorption which generally increases platelet adherence, 2) Y 

Ind°3) alhf ^r^^^'''' increase the plaCelec release Reaction, 

and 3) albumin adsorption which decreases platelet adherence. 

b) Leukocyt es 

rolB f^rr "^''''•^^"^i suggests the white cell playa a significaat 

role m thrombosis. Mbaocytes appear to plav a aati-throu-bogenic role as 
observed by their spreading on the surfaces of non-occlusive thrombus in does 
their presence on surfaces which did not fora. gross throobus in dogs (7) 
their presence prior to endochelialization (5,7) and their potential (though 
T.lll7t"^t ^ transforming inco endotheli« (17-23). ?he adherence of 

«t^r!?!r*%^t?' " '""^ =^"3=<1 the detachment of individually adhered . 

„ ? : J^-^ P«sence.of granulocytes appears to enhance platelet 
aggregation (10,11. IS), as observed by their presence basal to large pUt-let 
aggregates. However, both granulocytes and monocytes have the poteatial to 
elaborate anti-thromboge:>ic and fibrinolytic factors vhils granulocytes may 
also release a platelet aggregating factor (24-23). Granulocvtes and 
^nnn^vr!" ^"'^"f"^^ irivolved ia phagocyti zing cellular dibris. vith the 

^onocytes transforming i^co macrophages and potentially fibroblasts (1,17). 

tdh!^,-o"?,^ ^^'^ Y-globuUa appears to increase leukocyte 

adhesion (15,29—31). 

Surface Properties 

v^n,, P^Perties of a surface are ellusive and difficult to define <17). 

..any ot tne surface charac teris C ic s which have been used— crit ictil surface 
tension surface polarity, total surface tension and surface charge-average 
tne surface proterties, and ignore taolecular heterogenity (2,-5, 32). 
^avin. research will vary these properties with surfaces 

having controlled degree^; of heterogeneity. ' 

fn^J^^''''^^i^^'',rf^^''^-^ ^^"'^ generally demonstrated decreased thrombus 
inl^^^.^H "^l"!*'^ achesion (5,33). However, such surfaces :rvay also show 

increased platelet consumption (21.3^^35) as evidenced hr a decreased in vivo 

d^r^ir / i''^''?'' '•''^ platelets. Some hydrophilic polyurethanes sho^^Fd 

Dlar!l!rt 'rl^l adhesion compared to more hydrophilic surfaces, but the 

(36). release serotonin, an aggregating agent of platelets 

adhe,io^M^io^^''■''*^'* surfaces generally have shown decreased platelet 
adhesion (37.39). increased clotting cioes (AO) and decreased throobus 
rormacion (7, 41-4^^). The neutralization of acid groups vith Na*. K* , ' 

decreased thrombosis (42.45) and Na+ increased leukocyte 
adaesion in vitro (46). However, not all materials containing negative 
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surfaces appear thronbor 2s is taut (42,47-48). In fact, glass a knovn accivacor 
of TXII, 3.S negacively charged and throabagenic. Koc only che charge density, 
but the sterographic relationship of the charge may be important. The 
activation of FXII requires fixed spacing of charges as observed by its 
activation by honocyatina vhile. it is not activated by cystine (49). 
Furthemore, aa ionization is increased, bulk svellins may occur in some ionic 
polymers and in some casas effectively dilute the surface charge density and 
increase thrombosis (41). 

The effect of protein adsorption and activation of blood enzymes and 
subsequent cellular interactions is just coming to the stace of 
understanding. The activation of the intrinsic coagulation sequence alone 
leads to a bewildering array of interactions and the evolution o'f chetootactic 
agents (phasmin, kallikr^in, and compleaent (C5a, C(5,fi,7)a, and split C3 
fragments) which can influence leukocyte and platelet interactions 
(13,50-52). Therefore, -i portion or the research will examine the role of 
protein interactions by -ising plasma, def ibrinogenated plasma, buffer, FXII 
depleted plasma and antibody tagging to adsorbed fibronectin and -globulins 
(15,30), 

The blood interactioa is also influenced by the formation of molecular 
domains in the polymeric substrate. These polymers consist of two chains chat 
are linked together and ::hat are incomparibie (i.e. phase separate). In a ?0 
wt X styrene, butadiene 'ilock copolymer, increased perfection of the domains* 
was found to increase platelet adhesion in vitro (2). Similar observations 
have been observed in chti po lyurechanes T^) , a block cooolyrner of poly < 
-benzyl-L-glutamate ) -(butadiene/ acrylonitril)-( -benzyl-L-glutaaaCe) (S.i) 
while a random structure of styrene-HE>U showed a greater degree of clatelet 
adhesion and aggregation than the ordered structure (*?4). 

Based on these observation the proposed research will investigate the 
role or hydrophilic and {.onic density and the effect of their isolation on the 
phase separated domains. The basic polymer to be studied will be a block 
copolymer of styrene and butadiene with a composicion of 76 wt styrene. At 
this composition Che pol>^er will be processed to exhibit a structure that 
will be butadiene spherea.'in a scyrene matrix (55, =iSa, 5fi> . Rapid evaooration 
ot the casting solvent will produce irregular shaped domains, a 
aon-equilibrium structure ' (2) . The butadiene domains will be modified to have 
hydrophilic or ionic groups as described in the methods section. A random 
copolymer of styrene/butadiene , will therefore be studied to provide a 
homogenous surface of the same nominal composition as the block copoLyoer. 
The reaction to produce negative surface sites (See Methods Section) was 
carried out by Bantjes or. isoprene containing polymers in order to produce 
synthetic heparinoida containing -COO** and SO3 groups ( 57-53). These 
polymers exhibited long clotting times, decreased platelet adhesion and 
binding to antichrombin III. 

^ ^ Future studies will undertake the examination of these model surfaces 
witn whole human blood ard in vivo animal studies. 
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Applicants Relevanc Background - prelimlaary S.tudies 

I. Publications : 

A. Helnus, M. N., O. P. Malhotra and D. F. Gibbons, "Plasraa lateractioa 
on Block Copolymers as Daterroined by Platelet Adhesion", presented at the 
American Chenical Sdciet/ conference Biomaterials , Chicago, 111., Nov. l^SO, 
CO be published Advances Ln Chenistt^ Series. 

B. Helmus, M.N., D, F. Gibbons, and R, D. Jones, "The Effect of Surface 
Charge on Throtabosis**, World Biomat erials Congress, Vienna, Austria, April 
1980; In preparation for publication. 

Kelmus, M.N., D- Y. Gibbons, and R. D. Jones, "Surface Analysis of 
Copolymers of L-Clutanic Acid and L~ Leucine", In preparation for publication, 

C. Picha, G., K. Helmus, S. Barenberg, D. Gibbons, R. Hartin, and Y. 
Nose, *'The Characterization of Intioa Development in Left Ventricular Assist 
Device and Total Artificial Heart", Trans. Amer. 3oc . .Art. Int. Organs, 'y-y-.^^^. 
(1976). — 

Nose, Y, R, Kiraly, G. Jacobs, I. Koshino, N, Morihnaga, S- Kausai, T. 
Washizu. Y. Mitancra, K. Nekiri, R. Sukulac, H. Krambic, J. Snow, D. Gibbons, 
0. Sudilovsky, G. ?icha^ M. Helnus, "Development and Zvaluacion of Cardiac 
Prothesis", Department of Artificial Organs, Cleveland Clinic Foundation, 
Devices and Technology Branch, Division of Heart and Vascular Diseases, 
NO1--HV-4-2960-2, March 1576. Progress Report. 

Harasaki, H, G., Picha, M, Helnius, A- Fields, R. Kilralv, v. Nose, 
"Dltrastructural Study on In Vivo Blood Compatiblity of Biollred Materials," 
Thrombosis and Haemostasia, Phila. , 1977, Poster Session. 

Harasaki, G., Picha, S. Barenberg, M. Helmus, A. kiraly, Y. Nose, 
"Endothelialization of Cardiac Prothesis after Long-Term Implant at ion" , 
Transactions American Society of Artificial Internal Organs, XII, J<^77, 
Abstract. 

II . Previous Vork ; 

The principal investigator has processed and characterized block and 
random copolymers and studied their behavior in^ vitro and in_ vivo . / 
Characterization techniques included contact angles (surface tension and 
polarity, and hysteresis), transmissing electron microscopy, streaining^ 
potentials, differential scanning coloriaetry, x-ray diffrac tome try , bulk 
hydration, scanning electron microscopy, and Nomarsici differential' 
interference contrast microscopy. Biological evaluations included light, 
scanning electron, and t r-insaission electron microscopy, and standard 
histological sections. 
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A. In one study, s ser-ies of block copolymers, with conCrollable domain 
morphology, vere cesced to determine Che effect of surface vcttability, 
morphology, and chemistry on Che actachiaenc of gel filtered hunau platelets. 
The surfaces were first exposed to a plasma for 3 sec or 3 min and chen to 
placelecs, suspended in Tyxode's buffer in 0.35^ albumin (pH 7.^). The most 
hydrophobic surface, styrene-butsdiene-styrene (SES) (30 wc Z scyrane) 
accached the most platelets folloved by the lesa hydrophobic polyurechane , and 
lastly the hydrophilic polyscyrece-polyethylene oxide (PS-PEO) which attached 
essentially none. Phase separation in polyurechane and in SBS significantly 
(P 0.025) increased che adherence of platelets after exposure to PPP for 3 sec 
and 3 min, respectively. No such difference was observed in PS-PEO. The SBS, 
with and without long raage order attached significantly (P n.n2^) more 
platelets at 3 sec than ac 3 min. Neglible platelet adhesion occurred when 
heat defibrinogenated pl.jsma was exposed to the surface. 

It appears that the SBS block copolymer, as compared wich hydrophobic 
glass, adsorbs fibrinogen loosely but aore cighcly tbaa hydrophilic glass. 
Phase separation causes trhe protein to attach more strongly (See Apoendix) . 

B. In a separate scudy (7) the role or surface charge in arterial 
thrombus formation in dogs vas studied on iuplants in the femoral and carotid 
arteries of dogs. The iriplsnts were formed frcjra copolymers of L-glutamic acid 
co-L-Leucine . Implants vere pre-equilibrated in sCeril TRIS-buf fers of ' ^ 
different pa prior to implantation. Thrombus formation ac 2 hours of 
implantation was found tc correlate with the initial surface charge as 
determined by streaming potentials. The percentage of the implant surface 
covered by thrombus decreased as the initial surface charge increased and was 
essentially zero when 107, of all available surfaces sices vere ionized. 
However, if more than 10% of the available surface sites vere un-ionized 
glutamic acid, a large area of surface was covered by thrombus regardless of 
the initial degree of ionized sites. At longer ioplantarion times (i. & 7 
days),-" Che formation of eadothelial-like cells was enhanced on chroobus 
covered surfaces. 

A unique analysis of the surface of the copolymers was perfdrmsd by 
measuring the advancing and receding contact angles of buffers of different 
pH. .This provided a technique to measure the chemical heCerogenecity of Che 
surface. The advancing angle remained constant as a function of pH but the 
receding angle decreased in a fashion similar to a titration curve. This 
method provides a method of characterizing the hydrophilic and ionization 
characteristic of surface:; concaining acid or base groups (See Appa'tidix). 

C. In a third study, thrombus formation in total artificial heai^ts and 
left ventricular assist d^ivices was studied. The degree of thrombus formation 
was a function of flow patterns and areas of stasia. ^Then Che pumping bladder 
(hexsyn rubber) was covered wich gelaCin coated dacron [che gelacin 
cross-linked wich gluCeralhyde ) a large degree of thrombus was formed. 
However, minimal thrombus formed on a gelatin coated hexsyn rubber bladder 
except when cracks formed in Che gelacin. A five year passive implant in e 
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steer showed 3. chrombus free surface, except for cellular actachnent, oa Che 
gluceraldehyde fixed pericardium used to Line the housing (See Appendix). 

Ill, Preliminary Woi;k ; 

Initial studies carried out by the applicant indicate chat the reactions 
necessary to modify the styrene-butadieue-a tyrene (SBS) rubber are feasible. 
The reaction Co produce anionic groups on the butadiene phase was carried out 
on a film of cast SBS using the reaction described by Bancjea in the following 
section. The effect of the modification can be seen by the contact angle of 
water on the surface. The untreated SBS has an advancing angle of about Q*^**. 
However, the treated surface is more wettable with an advancing angle of only 
30*, indicating Che presence of a wettable component. 


METHODS 

I. Experipental Design 

The research will examine the role of hydrophilicicy , charge, and the 
spacing of the hydrophilic and ionic groups on platelets and TnonocyCe adhesion 
and protein interaction. The substrate to be studied will be a block and 
random copolymer of styr^ne and butadiene. The equilibrium structure of 
domains in che block copolymer vill be butadiene spheres (about If^O angstroms 
in difimecer) in a matrix of styrene. Irregular shaped donains «ill be 
produced by increasing cUe evaporation race of the casting 30lvenc while a 
homogeneous surface of Che same composition will be obcained by using a random 
copolymer. The effects of charge and hydrophilicity will be observed by 1) 
varying the surface conccntrac ion of the hydrophilic (OH) and ionic groups 
(SO3- and C00~) and 2) observing Che effect of spatial distribution by 
isolating these groups on the butadiene phase. A surface of IQOX styrene will 
be usad as a control apolar surface while NaOK cleaned glass will be a control 
surface that causes activation of FXII. 

The platelet will be used as the model for the cell incimacely involved 
in thrombus formation, ^.ell adhesion will be studied in a Mason cell (19) in 
order to eliminate the air interface- The number adhered will be determined 
while *their propensity tc^ aggregate will be evaluated by serotonin release 
(31,40). These two parameters will be correlated to platelet morphology by 
light and transmission electron microscopy (TEM) . 

The monocyte will be used as the model of Che phagocytic, cell involved in 
thrombus resolution. The number adhered and morphology vill be determined 
using a Mason cell. The activation of the phagocycic syscem will be gauged by 
chemi luminescence (60). Interactive effects of platelets and monocytes will 
be determined by mixed suspension of both cell types. 

The role of various plasma proteins will be gauged by comparing adhesion 
in plasma to adhesion in I) buffer, (a protein free media in order to observe 
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the physical effects of the surface on the cells) 2) defibriuogenated plasma^ 
(to observe dLffereaces ia cell adhesion in a fibrinogen free media) and 3) ia 
exhausted plasma (FXII, FXl, prekallikreiu depleted plasma) in order to 
observe the role of che intrinsic coagulatioa systeni on cell adhesion. 
Activation of FXII can lead to the evolution of chemotactic agents to 
leukocytes (conplement, Kallikrein and plasmin). Antibody tagging (by the 
Peroxidase-anti peroxidase method) of adsorbed plasma proteins (e.g- 
Y-globulins and fibroneccin) vill be under taken to observe their 
concentration on the substrates and any correlation to the cellular 
interaction (15). 

A9 the development and characterization of the ionic, hydrophilic , and 
donain structure' of the polyiaers is proceeding, initial biological testing of 
the cellular adhesion vill begin on the control surfaces (lOOZ styrene and . 
NaOH cleared glass) and the sytrena-butadiene random copolymer. The effort 
during the first year vill be development of the copolymer surfaces, the cell 
adhesion from plasma, and cell taorphology as determined by light microscopy. 
During the second year t^ie effort will shift to cellular function (platelet 
serotonin release) and ^.^nocyte chemil iminescence) and cell adhesion from 
buffer, defibrinogenaced plasma, and exhausted (FXII, FXX, and prekallikrein 
depleted) plasma. During the third year emphasis will shift to protein^ 
interactions as deCerminnd by Peroxidase anti-Peroxidase tagged antibodies to 
fibronectin and yglobulins. 

II, Techftiques 

1. Polymer Processing and Modifications 

a. The polymer will be either a random or block copol>-mer of ^f* wc Z 
styrsne and 24 vt Z butsciene (Phillips Chenical Co. K103 or Solprene ''l^i.) . 
The r?ndoQ copolymer will produce a homogeneous surface without phase 
separation. The' molecular phase separation of the block copolymer can be 
controlled by the casting solvent and the evaporation rate of the solvent 
(2). Tne use of a polar solvent preferential for the atyrene phase, e.g. 
methyl ethyl keytone, and. a slow evaporation rate will favor an equilibrium 
structure that vill consist of butadiene spheres (about 200 A*" in diameter) in 
a matrix of styrene (55a)\ Rapid evaporation of the casting solvent vill 
produce domains of irregular shape (2). A sample of lOOX styxene will be used 
as a control apolar surface. NaOH cleaned glass vill be used as a control 
surface that is known in to activate the intrinsic coagulation cascade. 

b. Surface modifications will be performed using techniques described in 
detail in the literature (57-58, 61-65). Reactions will be per forme rf^ on the 
cast samples with the reactive reagents in a solvent that vill not dissolve 
the cast polymer. The cast polyner surfaces will be reacted such that 33, 

and 1002: of the exposed butadiene is reacted. The optimum concentrations and 
times of the reactions need to be determined. 
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a) Anionic Groupa Groups (-C00* and -SO3-) 

These groups are produced by the rcaccioa of the diene component of 

wxth chloro5ulfonyl chloride (57-58, 61>-63). The chlorosulfonyl • 
tsocyauate will be dissolved ia hexane and only the surface of the substrate 
wxii oe reacted. After rinsing the surface with hexane and drying, the 
^COO-''^ r SO ^^^^^^ " ^ aolucioa of NaOH at 100-1 lO'C to produce groups of 


|==Cz=HO 
SOjCl 


b Hydrophilic (-0H) groupa: 



NaOH, Heat^ 


HN 


SO-,Ha>ONa 



..r.rJ^l It^^'l^'''' described by Seftoa and Merrill (.^/..fi=i) produces the -OH 
group on the diene portion of Butadiene by reaction ^th peracetic acid and 
acetic acid, followed by aodium hydroxide; 



2. Polymer Characterization 

t'' f"""^^?^ charge per unit area will be detenained from streaming 
potentials using .the procedure as described by Van Wagenen (66) and the 
^^ir^r'"''?!- described by the applicant (7)," as based on the Heleholtz and 
Saoluchovski equation, the Boltzman distribution of ions, and applying 
v!t!?^^s'^''^»'°\^^^^?^'' "^^^S buffers of constant ionic strength and 
T«JT.^? tf^^ PH, the ionization characceristics of the surface can be* exa:3ined . 
including the pK. . 

^ b Contact Angles will be used to determine wettability and the 
TJtllitlT t'^'"''^'^-''^''' surface by using buffers of different pH (as 

rprpH^^ 1^ tae section on Previous Work). Measurement of the advancing and 

^^«f critical to determine cheaical heterogene ties on the ^' 

Ttlltl^ rt . '^"^ hecerogeneties are on the order of 0.» microns or 

larger, the advancing angle is sensitive to the hydrophobic component or the 
surtace while the receding is sensitive to the wettable coaipleoient (^<J). 

Measurment of contact angles using organic liquids will be used to giv- a 
measure or the polar and dispersive nature of the surface and the critical 
i^Dortanr(r7) * ^^^'^ ^^^-^surement of the advancing and receding angles are 
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c. Bulk svelling vill be determined in vaCer, buffers, and seruin^co give 
aa indication of hydratiaa, Che ionization characteristics, and the effect of 
proteins and & high osmolarity (serum) on hydration. If svelling in a 
physiologic euvironnienc is significant the biological intsrdcCions nay be 
influenced by bulk wacer and ion gradients, if the samples are not 
preequilibrated under physiologic condlcions (7)* 

d. Mass Spectroscopy «ill be used to characterise the chemical moieties 
produced by the surface modifications. However, these will be bulk 
measurements and will uoc be significant in determining surfa.ce 
concentrations of the groups. 

e. Transmission elrtctron microscopy vill be performed on thin films 
(about 500 A" thick) and microcomed sections that have been stained with 
0a04 (preferential for butadiene) in order to determine domain morphology 
(2). Samples chat are only partially reacted to produce the anionic and 
hydrophilic groups should also stain. However, it would not be expected Chat 
the domain shape would change by these reactions since the butadiene is 
constrained by the surrounding styrene matrix. 

2. Methods for Biological Materials and Assays 

a. Human platelet rich and Poor Plasma (2): 

Blood will be drawn by venipuncture into 25 cc syringes and be 
anticoagulaced wil 0.11 sodium citrate in a 9 : 1 ratio. All donors will fast 
overnight and will not have taken medication for at least two weeks. The^ 
first 3 or ^ cc of blood will be discarded prior to further blood collection 
in o^der zo eliminate contarainacion of the blood froa tissue fluids. Platelet 
rich plasma (p?J») will be prepared by placing the anticoagulated blood in 
polypropylene tubes and csncrifuging aC 77 g for ten minutes at* room 
tenperiture. Platelet poor plasma (PPP) will be prepared by centrifuging Che 
blood at 23,000 g for 10' . 

b. Deficient Plasma: 

Plasma will be de f ibrinogenated by heating at 56'C for 10 minutes. 
Tibrinogen will precipita:e out of solution. FXII, FXI , and prekal likrein 
deficient plasma will be prepared as described by Racnofx (^0): 

JJormal blood is c«)llected in one-fiftieth volume of 0.50 M podium 
citrate buffer (pll 3.0) in thin walled polypropylene tubes and 
centrifuged at 2**!: for 15 min at 3500 rpm. The plasma is then^ put in 
a polypropylene tube and adsorbed with Johns Manville Filter-Cel 
Celite, 15 mg per ml, at room temperature for 5 min, mixing 
continuously with a magnetic stirrer. The mixture is centrifuged in 
chin-valled polypropylene tubes at 2'C for 10 min at B'^On rpm. The 
adsorption is cheti repeated. The plasma is chen incubated in 
stoppered chin-veiled polypropylene tubes at 37*C for 2^ hrs. The 
exhausted plasma is then stored at -20'C. 
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c. platelet Suspension (3) 

Afcer PRP is formed, it will be span at 1000 g for 10 minutes at rooa 
temperature to form a platelet button. Artificial medium (l^OmM NaCl, 5mM 
KCl, 5mM glucose, 1/20 volume of acid citrate anticoagulant, pH 6.*^ at ?7'c) 
vill be added to the pellet and the platelets will be reauspended by gently 
tilting the tube. The process will be repeated and the pH brought "to ?.4 with 
calcium free Tyrode * 3 buffer. 

Platelets vill also be resuspended in the defibrinogenated and 
exhausted plasmas. A control for the effect of resuspending the platelets 
vill be testing resuspended platelets, in plasma with the original platelet 
rich plasma. Platelet concentrations will be determined by a Coulter counter. 

d. Human Konocytes (71) 

Preparations of huaan peripheral blood mononuclear leukocytes are ^ 
obtained from Ficol 1-Hypaque gradients as described by Snyde^rman: heparinized 
(10 microliters /ml) venous blood is diluted 1:4 in physiological saline and 
approximately 35 ml placed in Falcon No. 2070 conical centrifuge tubes. 
Twelve milliliters of a mixture containing 2.4 parts of oz Ficoll (Pharmacia 
Fine Chemicals, piscataway. New Jersey 08354) and 1 part 33. 9Z hypaque 
(Winthrop Laboratories, Atlanta, Georgia 30304) is injected below the diluted 
blood using a 50-al syringe and a 16-gauge, 4-inGh spinal needle. Following 
centrifugation at 20'C cor 40 min at 400 g, the diluted plasma is aspirated 
and the buffy coat removed, using an inch siliconized Pasteur pipette. A 
maximuiu of 7.5 ml of the cell suspension is placed in 50-tal Falcon centrifuge 
tubes and to this is added 40 ml of phosphate buffer (pH 7.n) isotonic saline 
containing O.lX gelatin -IPBS) . The tubes are centrifuged for 15 ain at 300 g 
4"C. The cell pellets are washed once more with PBS and then are combined, 
resuspended in plasma and the deficient plasmas. Monocyte concentration will 
be determined by count inf. in a Hemocytometer . 

e. Assay for Cell Adhesion: 

Cell adhesion vill be performed in a cell similar to that described by 
Mason (59). The material under study is coated on microscope slides and 
treated as desired. These slides ^andwhich a silicon-rubber gasket that 
contains an ellipitcal cut-out and holds a volume of 2 cc. An inlet and 
outlet are produced by piercing the two ends of the chamber with 
silicone-coaced 18 gauge needles. Prior to testing the cell is filled with 
physiologic saline to eliminate the air interface. Cell suspensions are drawn 
into the chamber and remain in contact with the surfaces for in tainutes at 
37'C. Test cells are rotated every 1 1/2 minutes to eliminate settling 
effects (4). * * 

The suspensions will be rinsed out of the test cell and adhered cells 
will be fixed with glut eraldehyde buffer. Samples will be dehydrated in 
increasing concentrations of acetone/water and then Freon TF/acetone (y). 
Samples to be counted by reflected light Nomarski microscopy will be air 
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dried, Any samples for SEH will be critical poinc dried. Samples for TEM 
will be fixed in 0s04/gluteraldebyde solution, dehydrated, embedded in epon. 
sectioned for TEM, end stained vith uranyl acetate. The number o£ adhered 
cells will be determined by counting cells in at least 10 random fields of 
view at a magnification of 1000 x (2,7). For platelets, cellular morphology 
will be described as 1) discoid — same shape as in circulating blood 2) 
dendritic with central core and either a) short psuedopods or b) long 
pauedopods and 3) spread platelets defined by a thin, broad, spread membrane. 
Monocyte morphology will be described in a similar fashion I) round-same as in 
circulating blood 2) long or short psuedopod formatioa and 3) spread. 

Statistical analysis of adhered calls will be performed by analysis of 
variance (2,7), • 

f. TEM sections will compare cell aorphology to those of cells f ixed ' in 
suspension — the reorganization of organelles or the absence of specific 
orgauells (e.g. the dens^ granual of platelet that stores serotonin). 

g. Platelet Serotonin Release 

platelets are pr»ipared as described oy Brash et al (AO, 33): 

The platelets are separated by cencr if ugatioa, washed three times and 
suspended in Tyrode solution concainiag albemin (n.?S ml) and 

apyrase to degrade ADP and prevent platelet aggregation. The 
platelets are lahelled in the first wash by incubating with 
51cr-Na2Cr04 and ^^C-serot onin for U5 rain at 37'*C and 
suspended at the desired platelet count in Tyrodss buffer, plasma or 
deficient plasma;;. 

After the adhesion assay the adhered platelets are rinsed with buffer 
to remove platelets from the surface for counting, the rinsed 
specimens are placed for 2 hours in counting vials each containing 10 
ml of a scinCillsCiou cocktail. . The solid specimens are then removed 
and the liquid extract will be counted for both ^ -Cr and ' C in a 
autoiaatic scintillation analyzer. 

Adhesion and release are determined by comparing the radioactivity of 
the surface with that of an aliquot of suspension or known platelet 
concentration. In the absence of demonstrable platelet lysis the 
surface count of ^^Cx can be used to compute the number of Jblatelets 
adhering per unit area when compared to the suspension count. The 
surface count of ^^C. when compared to the ^-Cr surface count ^nd 
the to the solution ^^C count, will show a proportionate decrease if 
release of serotonin has accompanied adhesion. 

h, Chemi luminescence (60). 

This assay vill b=» performed on monocytes adhered to the pol>Treric 
substrate coated on liquid scintillation (LSC) vials^. A luminol-araplif ied 
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^rhT^^^^^•^? employed. Luminal demonstrates chemiWnescence upon reacting 

vxch Che oxLdrzxng agencs (e.g. O^-, H202,.OH, ) that ^re present ^ 
in eccive phagocytes. ^ ^ ^ z f 

Vi 0** : 

^Jr^ ^.j^ . I Ground Scace 

rV^^. ..->.: Oxidizing ^^C=0 Amino pc hale ce Anion 

2 Photon 

PotassiJ^hJ"^^-^^ ''^^l "^'^^^ soluble by u3.ing l.d2 g Waol. 7« g 

A^i^r ^""^ ^^'^ S ^^^^ 1 li*^" solution to prepare 

an 8 mM stock ^olutxon of luminol. Some initial effort will be needed to 
determine the optional emounc of luminol to be added for the assay. The ' 

^r^irb ^""^^^^^ '''^^ determine using ^ Liquid Scintillation Counter 

set with the parameters as described by Trush ec al. CfiO) (Table I): 

i. Protein Interactions: 

The interaction of globulins and fibronectin on the substrates will 
be detexTHined by Pero!<idase^Anciperoxidasa antibody tagging (15. 72 , 73). 
Antihuaan -globulin and eibronectin CCoUaborative Research) are available 
comaercxally. The assay will be perfonned in che Mason Cell (-.<3) using 
cicrated plasma, de f ibri.iogenated plasma, or exhausted plasma. The surfaces 
^. r i^rr ""^^^^ ^^^^"^^ minutes, rinsed and fixed in \,0X 

liclll l^^^^^^^ embedded in epon and thin sectioned. Sections on 

solutions ""''^^^ ^"P' desired reagents and staininz 
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TABLE I. (60) 

LIQUID SCINTILLATION COUNTER • (LSC) SETTINGS USED TO MEASURE 
PHAa»CYT0SlS-ASSOCIATED CHaMILUMIifESCENCE 


Pre a eat titae 
Coxinting' channel 
(linear 0-60 Co 1000 divisions) 

Gain 

Coincidence 
Refrigeration 

Input selector 
Cphocomultiplier cube .switch) 


1 Kiciute 

Width 5 divisions 

Lower discriminator A. 0-^0 

Upper discriminator B. ?nnO 

60-1002 

Off 

Tor optimal activity, turn off 
for at lease 2^ hr orior to use 
1 + 2 
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Complement Activation in 
Extracorporeal Circuits 

DENNIS E. CHENOWETH 
TrjviRot Laboratories. 
Round Lake. Illinois 60073 

INTRODUCTION 

Complement activation reactions normally make an tmporuni contribution to host 
defease mechanisms by promoting localized generation of acute mflamnjatory media- 
tors However, it is now apparent that blood contact with many types of biomatcnals 
initiates complement activation and. in the case of extracorporeal mcdttal devices, 
fosters svstemic production of bioactive molecules that can provoke spectfic types of 
clinical sequelae. Consequcntlv. btomatcrial scientists have begun to emphasize 
defmeation of the complement-zctiv.ting poteritiat of blood-contact.ng materials 
employed in the manufacture of medical devices. For example, our prevmus mv«t.ga- 
uons have centered on both laboratory and clinical evaluation of hemod.alyzcrs and 
cardiopulmonary bypass oxygenators.' In particular, studies aimed at characiermng 
the complement-activating potential of hemodialyzers have been extremely useful for 
defining the membrane or material characteristics »hat regulate dm.cal exposure to 
the human anaphylatoxins as well ai for delineating the pathophysiologic responses 
hat result from systemic complement activation.^ Before discussing and interpreting 
these specific findinjs. it will be helpful to summarize bneHy our current understand- 
ing of fhe mechaniins of complement activatiSn and the biological propert.es of the 
human anaphybtoxtps. 

COMPLEMEiVT ACTIVATION 

Alter native Patht^ay Mechanisms 

It is generally accepted that the complement activation observed during hemodial- 
ysis proceeds by alternative pathway mechanisms. The proteins 
Senu that compose the alternative path^y have previously been described m detail 
and may be briefly summarized as follows. , ,. . . • 

Activation of the alternative pathway involves four disimct phases: inuiation, 
deposition of C Jb. recognition, and amplification. The first phase, inttiauon. begins in 
olaVma and involves spontaneous formation of a short-lived lotcrmediate termed 
meiastable C3b. The active site of this reactive spc«,cs consists of an activated 
thiolester thai can undergo nucleophiHc attack (Figure I). Consequently, this 
re«rive form of C3 can deposit on and become covalently attached to biomatcrials or 
other surfaces that possess nuclcophilic characteristics. The s^ond step, recognition, 
involves discrimination be:wccn materiaU that serve as activators or oonaci,vaio«. 
This process of discrimination occurs very soon after C3b becomes attached to the 
lurfaee and essentially results from regulation of the binding of the inhibitory protein 
factor H to the surfacs-bound C3b. For e.vampte. materials that behave as activators of 
the aliernauve pathway tend to limit binding of factor H toC3b and favor assembly of 
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the positive regulatory eomponents. factors B. D. and P When .h". 

presence of factors B and D and Ms'* forms a C3 cnn'v . " 

„any molecules of C3b that are i'denlST to fhe'^H Ji^^Ob'th''^ °' 

deposited on the surface. In this way amolifi^t nn «/r ,k • . laHiUly 

feedback mechanism takes place and rStVZlf r^l!'^"^^^ '^"""^^ * PO"*^^- 

enrymes is achieved. By contrast some'lteHat teiaJ. 

ilterriative pathway. In these cases facTor H bindt, . r " of the 

enhanced when compared to th"; of ?ac" r b 7hus « "*^"^?'' ^ 
characterized by (he fact that ,Lv promote cJI^J^ 

ternjination of the amplification feedbacrm^^^^ «d 

The biochemical charactcrijtics that impart tithe- Miiv.,fn» . 
propert,es to a material have not been comj etdv d«S^ Vo' 
evidence supports the hypothesis that surface /u^l^Zh^^ current 
the activating potential ofaforeiin m ter a (Frc ^^^^^^ importanUy to 

^rface constituents facilitate f/ctor H !^S'^<^^:r:^r^^ ^ 
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liberaiion of this fragmcni from the material into ihc fiuid phase. It should also be 
recognized that lh«e same catabolic ev«ii take pUcc when C3b becomes attached ^ 
an activai.ng surface, although at a greatly diminished rate. Thus, activatin- bioma! 
tcruls would be expected to display both surface-bound C3b and /or iC3b a1 well as 
r- ^^."^ C3d-related antigens in the fluid phase affe " 
reasonable period or incubation. 

In summary, although both complemcni-activa.ing and nonactivating materials 
may have surface nucleoph.les. ictivating substances provide an environmem thai 
favors bindmg of factor B to C3b. thus facilitating feedback amplification of C3 
IIk Ak' '^?™V'°" /^ " *^'''-^''"S surface rapidly become; saturated 

Z« ,1 ? ^'S"**^""' quantities of the C3a ceavage product are released 

into the fluid phase. By contrast, nonactivating maierials frequently have oegativciv 
charged groups on the.r surface and are characterized by the fact that ihev promo J 
binding of factor H to C b. Consequently, nonactivating surfaces display a feS^Tnd 
.C3b molecules wd levels of flu.d-phase C3a antigen remain essendallv unchanged 

ffSTS^'l5!Sr;^,!:'^- - ^i-c-depend-ent liberation 
or C3c. C3d. and other C3-derived fragments from the material surface into solution. 
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Tht H uman Aaaphyloioxins 
The anaphylatoxins C3a and C5a are bioactive poIypeoti<{es that are produced 
?r Ih'RSwf "5 ^^''T^ "^^"^ " cleaved fromC3 by the cJ co'nT^rtale 

^ "-^""r^ «hc amplification phase of the alternative pathw"J 

activation evenu. The C5 convertase C3b(n). Bb. formed by deposition of additfonal 
C3b mdeailes on the C3 convertase. acts lo cleave C5 and liberate C5a into the fluid 
phase Generation of these anaphytaioxin mclecules by alternative pathway enzyt^^ 
may be detected by employing specific radioimmunoassay (RIA) pr«:edures « 

Additionally, RIA quantitation of both C3a ind C5a antigens permiu cafcoladon 
In. "As"" efficiency.- This consunt^rmits an 

mcni of the activating or nonactivating character of a material."-'^ for e«mple. potent 
^^'iT^Sl.- 'i^"'V"7'*'" Path-'n.iuch as zymosan, behave as they do be^us^they 
prohibit binding of factors H and I to C3b. Consequently, both the C3 and C5 
convertases are readily formed on the particle surface and essentially equimoUr (mo!c 
fracuon) concentrations of C 3a and C5a antigen are liberated into the fluid phase 
the coupling effiaeflcy of zymosan approaches lOO^-c." By contra,:, factors H and \ 
rioSSI^Lreh^ r""" ^''^^ SOIutio„-phase activator,, such aj bacterial 

hpopolysacchande are employed as stimuli. Therefore, fc *er C5 and C3 tonvcrting 

r/fhT-c^ r"^''^;*'-' 'V 1"°'' ofliberated C5a is less than thatof C3a* 

i.e.ihz coupling efficiency of these weak activators b ■>5% or less " 

The anaphylatoxins that are produced when blood contacts a biomateriattare 
particularly tmportani for at leas, two reasons. As depicted in pfcuRE ' the C3a 

?d^?rr;77rc;:;rf .cfvation b;«!;se^J 

in bl^^' M • ^ POlyPcpc.de .s biologically inert and accumulates readily 

in blood. More importantly, the C5a and/or {des.Arg-74) C5a (C5a^^ ) that I 
formed as a result of blood.material contact is a potent bioictive molecule lhat may 
provoke a variety of pathophysiologic responses * moiecuie mat may 

that^rl'/dllf^n"' P,™:*""'*'" "J^^^ anaphylato.in results in clinical manifestations 
merr' ' C " ' " r '"^ P^*^""" « '^e blood-material 

interface. Generation of even modest amounts of this potent biotosical elTecior 
provides sufficient C3a to bind to the C5a receptor of perirhcral bl^S'^TanulJcX - 
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basic 2nd clinical information has bc=n obtained from studies of he.-nodialyzers. For 
this reason, it is worthwhile to review this data base and to attempt to correlate this 
information with what is known about the human complerr.ent svste.Ti and the human 
anaphylaioxins. 

The complement-activating potential of various tvpcs of dialvzcr membrane 
materials can be clinically defined in two ways. First, the ma.Tima( 'amount of C3a 
antigen produced during the initial phases of hemodialysis can be quaaiiiated by RIA 
methods. Second, the magnitude of the leukopenic response induced by hemodialysis 
with a particular type of dialyzer can be readily measured. As shown in Table I. when 
the complement-activating potential of several different tvpcs of dial vjers is defined in 
this way. Cuprophan hollow fiber devicf s made with unmodified csll'ulosic membrane 
consistently produce the greatest amount of C3a generation anffthe greatest degree of 
leukopenia. Modification of the ceilulosic material, cither by acctylaiion (cellulose 
acetate) or introducUon of tertiary amino groups (Hcmophan). resulu in a 30-40^i 
reduction in the maximum amount of plasma C3a detected during the first 15 minutes 
of dialysis. The leukopenic response provoked by these modified cellulosic dialyzen b 
also corresponding reduced. Perhaps the most "biocompatible" form of modiJScd 
Cuprophan is that unique membrane which results from use and formalin storage of 
new dialyzers. Clinical studies performed with these reused Cuprophan dialyzers 
demonstrealc that they produce only about IS% of the C3a formation induced by new 
dialyzers. 

Synthetic membranes consistently cthibit a lower complement-activating potential 
than cellulosic membranes. As shown in Table 2. both polycarbonate and polysulfone 
membrane dialyzers provoke only moderate C3a formation when evaluated clinically. 
The most interesting synthetic membrane appears to be a polyacrylomtrilc-sodium 
meihallylsulfonaie copolymer, the Hospai AN-69 membrane. Dialyzers manufactured 
with this synthetic material produce only small quantiiics of C3a antigedfthat caa be 
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CHAPTER 11 

Pharmacologic Modification of Materials 

Jeffrey A. Hubbell, PhD 

Department of Chemical Engineering, University of Texas at Austin, Austin,Texas 

. ++ 

Several approaches have been used to develop biomaterials with phannacologic activity for use in 
cardiovascular medicine. These approaches depend upon whether the active agent is to be: (i) released 
slowly from the device; or (ii) retained in bound fonn indefinitely. The approaches also depend upon 
whether the phannacologic activity of the agent is designed to modulate local: (i) coagulation; (ii) 
platelet function; or (iii) cell function in the vessel. 


Bound versus Releasable Agents 

The selection of a bound versus a releasable agent depends 
upon the desired duration of activity and the mode of action of 
the agent Agents that are active intracellularly, that must be 
internalized for activity, or that exert their activity by binding 
to the luminal surfaces of the attached cells are presumably 
inappropriate for immobilization for indefinite retention. An 
example of such an agent would be polypeptide growth 
factors, which bind to cell-surface receptors; the receptors are 
subsequently clustered to promote activity and are ultimately 
internalized. Agents that are active extracellularly may be 
indefinitely retained or may be released, depending upon the 
desired duration and location of response. An example of such 
an agent would be heparin, which accelerates the inactivating 
reaction of antithrombin ffl (AT ffl) with thrombin to prevent 
coagulation. 

Antithrombin, Antifibrin, or 
Antiplatelet Agents 

Pharmacologic approaches to reduce thrombosis can be 
directed against the formation of fibrin or against the 
platelet. Antifibrin agents include thrombin inhibitors and 
fibrinolytic agents or modulators of fibrinolytic activity. The 
most common thrombin inhibitor is heparin, and heparin 
incorporation has been examined extensively. Another 
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thrombin inhibitor that will likely receive more attention is 
hirudin. Agents participating in fibrinolysis are plasmin and 
activators of plasminogen, such as streptokinase, urokinase, 
and tissue plasminogen activator. Antiplatelet agents in- 
clude prostacyclin, odier prostaglandins, and receptor 
antagonists, such as bioactive peptides that competitively 
inhibit the interaction between glycoprotein Ilb/IIIa and 
fibrinogen, as well as antibodies directed against glycopro- 
tein Ilb/IIIa or glycoprotein lb. Aspirin would likely not be 
considered due to the ease and economy of systemic 
treatment without significant side effects. 

Promotion of Cellular Response: 
Endothelial/Neointimal Adhesion and 
Growth 

An approach to biocompatibility in cardiovascular mate- 
rials is to promote the rapid coverage of the biomaterial by 
cells from the vessel wall, namely endothelial cells and 
perhaps also vascular smooth mujcle cells. The biocompati- 
bility of the composite would then depend largely upon the 
ftinction of the adherent cells and more indirectly upon the 
biomaterial and its ability to promote endothelial cell 
attachment and to support the normal antithrombotic 
function of the cells. An approach to pharmacologic activity 
orbioactivity is then to incorporate agents that promote this 
response, such as species that mediate cell adhesion or cell 
growth. For example, fibronectin and laminin, or their active 
receptor-binding domain peptides, may be immobilized on 
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a surface to promote endothelial cell adhesion; in this case 
the agent must presumably remain surface-bound for long 
periods of time. Polypeptide growth factors that have 
activity toward vascular endothelial cells may be mcorpo- 
rated to promote growth rather than adhesion; the most 
important such factors are probably acidic and basic 
fibroblast growth factor. In this case, the agent should most 
likely be incorporated in a releasable manner. 


Surfaces Modified with Heparin 

Without question the most extensively studied pharma- 
cologic modification of cardiovascular biomaterial surfaces 
is the incorporation of heparin to obtain local anticoagulant 
action. Heparin has been incorporated using chemistries for 
both release and long-term retention at the surface (1). 

Mode of Action of Heparin 

Heparin is a natural polysaccharide consisting of modi- 
fied saccharide repeats based upon uronic and glucosamine 
linked by p-D and a-D 1-4 bonds (2). Heparin is a 
heterogeneous substance, with molecular weight distribu- 
tion being the most important parameter, the molecular 
weight of commercial heparins may vary from 3,000 to 
30.000 daltons. Heparin interacts with plasma AT III to form 
a hepariniAT. ID complex that inactivates thrombin by 
forming the inactive heparin:AT in:thrombih (HAT) com- 
plex. Thus, heparin is a cofactor that accelerates the 
inactivation of thrombin by AT III. Only about one-third of 
the molecules in standard commercial heparin exhibit 
high-affinity binding with AT III. 

Heparin is synthesized in the form of a proteoglycan, the 
carbohydrate portions of which are subsequently released by 
proteases or glycosidases (3). The uronic and glucosamine 
residues are highly modified by sulfation, deacetylation. and 
cpimerization. The structure may be represented by a 
hexasaccharide repeat, as illustrated in Figure I. but the 
polymer should be understood to be much more heterogene- 
ous than is shown. 

Chemistry of Heparin Incorporation 
Heparin has been incorporated into biomaterial surfaces 
for slow release and for prolonged retention by a very large 
number of chemical schemes. The functional groups 
available on heparin for modification include hydroxyls. 
carboxyls, and'primary amines. A number of examples are 
presented below, but this collection of examples should not 
be considered complete. 

Heparin has been bound to materials for slow release by 
ionic interaction. To accomplish this, the material surface is 
somehow rendered cationic. to lead to strong adsorption of 
the overall anionic heparin polymer. One approach for 
achieving this surface modification involves the absoiption 
of bifunctional agents, one function of which is canonic 
such as a quaternary amine, and the other function of which 
is hydrophobic. Examples of such agents are benzalkonium 
chloride (3V and tridodecylmcthyl ammonium chlonde (4). 


The quaternary amines are all readily prepared by quaterniz- 
ing an amine, such as a primary amine or a pyridine moiety 
as a starting agent, with a bromoalkane: for example, 
quatemizing pyridine with cetylbromide to form cetylpyn- 
diriium bromide. Since the heparin is merely adsorbed, it 
slowly leaches from the surface under physiologic condi- 
tions, and the kinetics of release depend upon the extent of 
surface treatment with the cationic agent. Estimates of the 
rate of leaching required to obtain biological activity have 
been determined mathematically (5). As an alternative to 
this approach/the heparin may be directly adsorbed to a 
polymer that bears cationic functions at its surface, such as 
polyethylene imine (6); in particular, polymers bearing 
amido amine moieties bind heparin strongly (7). 

A second approach to obtaining slow release of heparin is 
to incorporate it by blending it with the polymer of interest. 
In this case, release can occur by leaching or by degradation 
of the base material, for example, by utilizing degradable 
materials of poly(a-hydroxy acids) (8). To obtain release at 
appreciable rates in the absence of degradation, polymers 
must be used that have relatively high degrees of chain 
mobility, such as silicone rubber or hydrogels (9). 

Many thermochemical approaches have been used to graft 
heparin to polymers. These include activation of surface 
nucleophiles with glutaraldehyde. leaving one aldehyde for 
reaction with heparin hydroxyls and amines (10). and 
activation of surface nucleophiles for subsequent reaction 
witii heparin hydroxyls and amines, using coupling agents 
such as cyanogen bromide (1 1). carbodiimide (12). bifunc- 
tional isocyanates (13,14), or bifunctional isocyanates 
arafted to polyamines grafted to the substrate (1 5). 
" The conformation of the incorporated heparin may be 
important in determining its biological activity. This is due 
to the requirement that it form a complex with both 
thrombin and AT EI. Heparin immobilization by chemical 
modification of a terminal saccharide residue, to achieve 
end-2rafting, has been demonstrated to enhance activity 
(10 16 17) The issue of accessibility has been addressed by 
immobilizing the heparin via a hydrophilic spacer arm. such 
as polyethylene glycol (1^18). Polyethylene glycol spacers 
from 2 000 to 4.000 g/mol appear to be optimal for 
preservation of the activity of the immobilized heparin, even 
to the extent of increasing activity by a factor of 10 (19). 
This increase in activity is likely due to increased stenc 
availability to bind with AT III and heparin. The immobili- 
zation in vivo has led to considerable prolongation of 
patency of vascular grafts in dogs (20). 

One particular form of heparin immobilization utilizing 
end-point attachment of heparin fragments has been cominer. 
cialized by Carmeda AB and several corporate partners (21. 
22) Heparin is cleaved with nitrous acid, producmg a 
terminal aldehyde. This reactive heparin molecule is then 
coupled to a primary amine on a surface, usually from 
polvethyleneimine. To obtain high densities of amine, 
alternating lavers of anionic polysaccharides, such as chon- 
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Figure 1. Generalized chemical structure of heparin at physio- 
logic pH. Chemical moieties available for coupling are hydroxyls, 
amines, carboxylates. and sulfates. 


droitin sulfate, and poly e thy leneimine are sometimes used, 
with heparin-aldehyde coupling to the outermost layer. The 
resulting Schiff base is then reduced to a secondary amine 
using, for example, sodium cyanoborohydride. 

Behavior of Incorporated Heparin 

The amount of heparin incorporated may be determined 
by several means standard to polymer grafting. Such means 
include x-ray photoelectron spectroscopy and the use of 
radiolabeled heparins, the latter of which is more quantita- 
tive. Staining techniques are also useful; toluidine blue 
reacts readily with heparin, producing a metachromatic shift 
(10). This shift may be calibrated with known amounts of 
heparin to determine, at least semiquantitatively, the amount 
of heparin bound and/or released. Alcian blue has been used 
to delect as little as 10 ng of immobilized heparin (23). 
Measurement errors may be associated with this technique, 
however, if the immobilization chemistry significantly alters 
the chemical stnicmre of the heparin or if it selects for 
particular fractions of heparin, in which cases free or 
heterogeneous heparin may not serve as an appropriate 
calibration control. 

The biological activity of the surface-bound and/or 
released heparin may be tested by several means. Biological 
assays, such as measurement of the thrombin time or whole 
blood clotting time, may be useful, but the direct measure- 
ment of the ability of the bound and/or released heparin to 
inactivate thrombin or to catalyze the formation of the 
thrombin: AT III complex probably yields more insight and 
a clearer interpretation. The activity of thrombin may be 
readily determined by a chromogenic substrate assay (for 
thrombin) using the peptide S-2238 (H-D-Phe-Pip-Arg-NH- 
benzyl-NOj • HCl, KabiVitrum). The formation of the 
complex may be determined by use of radioimmunoassays 
or enzyme-linked immunosorbent assays for the throm- 
bin: AT in complex or for the heparin: AT IlLthrombin 
complex. Features that are of particular interest in such 
determinations are the specific activity of the immobilized 
heparin (i.e., the ability to catalyze the formation of the HAT 


complex per mole of heparin, relative to that of a free 
heparin standard), the rate of leaching, whether intentional 
or not, and whether the immobilized heparin is catalytic or 
is consumed. The stability and release characteristics must 
be determined over a period of many days to examine 
leaching. The activity of the immobilized heparin should be 
measured upon a surface not previously exposed to 
thrombin and AT HI, upon a surface previously exposed to 
thrombin and AT III, and on a surface previously exposed to 
blood. It should also be noted that some heparin prepara- 
tions may cause platelet aggregation; accordingly, platelet 
interactions with the surface-bound heparin should be 
examined. The required release rate and desired coating 
lifetimes determine the amount of heparin to be incorpo- 
rated. Alternatively viewed, the actual release kinetics and 
amount of heparin incorporated determine the use fill 
lifetime of the coating. 

A critical issue in immobilized heparin intended for 
long-term retention is whether it functions in a catalytic 
maimer when immobilized, i.e., whether it is capable of 
accelerating the inactivation of thrombin by AT III after 
repeated exposure to thrombin and AT HI. For example, 
essentially complete retention of activity has been observed 
through many exposure cycles in vitro (11), and the ability 
to bind thrombin with high affinity has been retained after 
periods of implantation of up to 4 months (24). Increased 
patency was observed in a canine, short-term ex vivo 
arteriovenous shunt when heparin was immobilized to the 
surface compared with controls (25). although efficacy in 
chronically shunted animals was limited due to platelet 
consumption (26) that was likely due to the base material. 
Prolongation of patency, by a factor of 2.5, in 1 mm 
diameter by 1 m long arteriovenous shunts in the dog 
containing end-grafted heparin upon^ polyethylene and 
polyurethane tubes has been observed (27). 

Care should be taken when interpreting biological 
behavior on contact with whole blood, for example, in 
measurements of platelet attachment or whole blood clotting 
time. Multiple factors are altered by the anachment of 
heparin to a substrate, namely the physicochemical nature of 
the surface, which may result in a change in biological 
behavior independent of the anticoagulant activity of 
heparin as well as the anticoagulant activity of the surface. It 
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is not possible to decouple these two changes, but it is 
sometimes illustrative to perform parallel expenments with 
polysaccharides that have lesser anticoagulant activity, such 
as dermatan sulfate. 


Surface Modification with Other Anticoagulant or 
Antiplatelet Agents 

Hi^din was originally found in medicinal leeches (28,29), 
Hirudo medicinalis. The protein is a 65 amino acid residue 
monomer with a molecular weight of 7,000 daltons, an 
isoelectric point of 3.9, and no carbohydrate content. There 
are several fonns of hinidin from leeches that differ slightly 
from each other in primary stnicture. They are kn^^^ ^^^^ ^' 
HV2 HV3. and PA-hirudin. Recombinant hmidm HVl has 
been'produced in Escherichia coll and differs from leech HVl 
only in the state of sulfation of the tyrosine residue at position 
63- the leech HVl Tyr 63 is sulfated, while the E, coli HVl is 
not. This small difference results in about a tenfold difference 
in the bioactivity of recombinant hirudin compared with 
hinidin derived from leeches. 

Hirudin binds very specifically and with high affinity to 
thrombin, and the hirudin: thrombin complex lacks coagulant 
activity (30): Hirudin lacks the potential to aggregate 
platelets, in contrast to some fractions of heparm (31). 
Because the bmding to thrombin is of such high affmity. 
hinidin that is indefinitely bound to a surface may be 
ineffective in reducing the potential of a material to promote 
coagulation over a long period, since the hinidm may be 
permanently occupied by the thrombin to which it first bmds. 
This may limit the effective mode of hinidin incorporation 
into surfaces to that of controlled release. 

The covalent immobilization of hinidin to surface- 
hydrolyzed Dacron by carbodiimide-grafting chemistry with 
the retention of antithrombin activity has been descnbed (32). 
and the prolongation of plasma thrombin clotting times m the 
presence of immobilized hinidin has been reported (33). 
Plasmin and Plasminogen Activators 
Fibrinolysis (34), i.e., the degradation and dissolunon of 
fibrin, is mediated by plasmin, which in turn is generated by 
the proteolysis of plasminogen under the action of tissue- 
type plasminogen activator (tPA) or urokinase (see Chapter 
3) These agents represent potential targets for controlled 
release from biomaterial surfaces, although relatively little 
woric has been done in this area. It seems unlikely that 
indefinitely retained plasmin will be useful, since the 
substrate fibrin is essentially a solid and the approach of the 
solid substrate to immobilized enzyme may be stencally 
difficult. The indefinite retention of tPA or plasminogen 
may. however, prove useful, since the substrate for these 
enzymes, plasminogen, circulates in solurion. A system has 
been developed for the release of immobilized strcptokmasc 
(a streptococcal activator of fibrinolysis) wiihm a 


poly(methacrylic acid-g-ethylene oxide) copolymer; a high 
degree of retention of enzymatic activity was observed (35). 
Immobilized streptokinase has been examined in vivo (36), 
and retention of fibrinolytic activity was observed for ■ 
greater than 150 days. The kinetics of immobilized 
urokinase has been examined in vitro (37). 
Antiplatelet Agents 

A variety of antiplatelet agents are candidates for 
incorporation into biomaterials for controlled release (38), 
although relatively little work has been done in the area. 
Prostaglandins have been incorporated into matenals for- 
both release and retention. The prostaglandins PGI^, PGE, 
and PGDj all stimulate adenylate cyclase to increase 
intracellular cAlvflP (in order of decreasing potency), which 
in turn reduces the potential of the platelet to become 
activated. PGE^ released from a polyurethane m contact 
with rabbit blood ex vivo (39) was shown to reduce platelet 
activation, and PGE^ retained on the surface of Sepharose 
was shown to increase platelet adhesion but to decrease the 
level of platelet activation (40). 
Antibacterial Agents 

Antibacterial agents, both antibiotics and less specific 
aoenis, have been incorporated into cardiovascular matenals 
for controlled release. Dicloxacillin has been incorporated 
into catheter fonnulations by coating with an antibiotic- 
quaternary amine complex (in a fashion similar to the 
incorporation of heparin, as described above) and by 
combining with a polyurethane matrix (41); these matenals 
release inhibitory doses for at least 24 hours. Other 
antibiotic coatings have been developed for a silver- 
tolbutamide complex (42) and a silver-ciprofloxacin com- 
plex (43), the latter of which was observed to release over a 
14-day period. Antibiotic binding to quaternary amines has 
been investigated and used'in the limitation of infection in 
Dacron vascular graft prostheses (44), 


Surfaces Modified with Proteins or Peptides for the 
Promotion of Endothelialization 

Approaches to increase the extent and rate of endothelial 
cell attachment to cardiovascular materials have included 
such pharmacologic approaches as the preadsorpnon of cell 
adhesion proteins, including collagen, fibronectm. vitro- 
nectin, and laminin. One difficulty in this approach is that an 
increase in endothelial cell adhesion can be accompanied by 
an increase in platelet adhesion and subsequent thrombosis. 
Newer approaches, as yet untried in vivo, have used 
covalently attached cell adhesion peptides, denved from the 
domains of the cell adhesion proteins listed above that are 
involved in receptor binding, to enhance endothelial cell 
adhesion in a more selective fashion. 

Endoihelializarion of vascular grafts may play an impor- 
tant role not only in the reduction of thrombosis but also m 
the control of neointimal thickening and anastomonc 
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hyperplasia (45,46). In an organ culture model, smooth 
muscle cell proliferation was reduced in vessels that were 
endothelialized compared with those that were not endothe- 
lialized (45), suggesting the release of a smooth muscle cell 
regulating factor by the endothelial cells; these same control 
mechanisms may be important in the control of hyperplasia, 
or the lack thereof, in vascular grafts. Endothelial cells may 
arise by migration through the porous wall of the graft (47), 
or they may be placed by seeding or sodding (48). 

Collagen, Fibronectin, Vitronectin, Laminin, and 
Peptides and Their Mode of Action 

Collagen, fibronectin, vitronectin, and laminin are all cell 
adhesion proteins for which cell-surface adhesion receptors 
on the endothelial cell exist (49). Many of these receptors 
are members of the integrin superfamily of receptors and 
consist of heterodimers of an a and a P subunit. Endothelial 
cells (50,51) also express the Pi group integrins a^Pp cc^Pp 
a3pp ttjp,, and a^P,. These integrins promote adhesion to 
collagens (CaP,), laminin (c^pp a^P,), and fibronectin 
(a<ip,). Endothelial cells contain the P3 group integrin a^Pj, 
which promotes adhesion to vitronectin, von Willebrand 
factor, fibrinogen, thrombospondin. and fibronectin. This 
topic is covered in greater detail in Chapter 1 4. 

The domains of cell adhesion proteins that bind to dieir 
corresponding receptors have been described. The prototyp- 
ical motif for the domains that bind to the integrin family of 
receptors is based on the tripcptide sequence Arg-Gly-Asp 
(ROD) (52); the sequences in collagens are Arg-Gly-Asp- 
Thr and Asp-Gly-Glu-Ala; the sequences in fibronectin are 
Aig-Gly-Asp-Ser, Leu-Asp- Val, and Arg-Glu-Asp-Val; the 
sequence in vitronectin is Arg-Gly-Asp- Val; and the 
sequences in laminin are Leu-Arg-Gly-Asp-Asn and lyr- 
Ile-Gly-Ser-Arg (for which a non-integrin receptor exists), 
among others. These sequences, which may be readily 
synthesized, bind to their receptors with high affinity, albeit 
with less affinity than that of the intact protein. 
Chemistry for Incorporation 

The goal of the immobilization chemistry is to retain the 
immobilized agents for long periods in bioactive form. The 
most common technique is simple adsorption, and this has 
indeed been shown to increase the rate and extent of 
endothelial anachment and spreading. Difficulties with 
adsorption are the potential for exchange and the suscepti- 
bility of the adsorbed protein to denaturation due to 
interaction with the surface or to proteolysis by the cell. 
Nevertheless, the pretreatment of cardiovascular surfaces 
with adsorbed cell adhesion proteins, for example, fi- 
bronectin or laminin, can dramatically increase the rate of 
spreading and the strength of binding of seeded endothelial 
cells, as outlined further, below. Due to the instability of the 
proteins in vivo, under the proteolytic action of the cells, no 
advantage is apparent when coupling the proteins by 
covalent means rather than adsorption. 

Synthetic RGD-containing peptides have been immobi- 
lized by both adsorption and covalent binding. An RGD- 


containing peptide with a hydrophobic oligoleucine tail has 
been developed for adsorption to hydrophobic surfaces (53). 
RGD-like peptides have been covalently immobilized to a 
variety of surfaces using standard protein immobilization 
chemistry (54,55). 

Behavior of Incorporated Agents 
The pretreatment of cardiovascular material surfaces with 
proteins such as fibronectin has been shown to enhance both 
the rate and extent of endoUielial cell spreading in vitro in 
numerous investigations (for example, see references 56 and 
57). More significantly, pretreatment of expanded poly- 
tetrafluoroethylene (ePTFE) grafts with fibronectin was 
demonstrated to enhance endothelializaiion of the graft in 
vivo, albeit in dogs (58). 

Surfaces bearing covalently immobilized RGD-like pep- 
tides were shown to support morphologically complete cell 
adhesion and spreading in vitro, even in the absence of 
potentially adsorbing adhesion proteins (54,55). One diffi- 
culty in the use of adsorbed proteins or peptides to promote 
endothelial cell adhesion is that thrombosis may also be 
promoted inadvertently. To address this problem, the 
fibronectin peptide Arg-Glu-Asp-Val was immobilized on 
otherwise poorly adhesive substrates and shown to have 
affinity for endodielial cells but not for vascular smooth 
muscle cells, fibroblasts, or blood platelets (59), suggesting 
the potential for a graft material that is selective for 
endothelial cells. Important issues in these approaches will 
be the stability in vivo and competition or masking by 
adsorbing proteins. Stability for periods of at least several 
months is possible if protease-sensitive sequences are 
avoided, or if D- to L-amino acid substimtions are used 
where possible. Masking by potentially adsorbing proteins 
has not been observed in vitro in serum-containing media 
(54,55.59). but behavior in vivo awaits determination. 

Surfaces Modified with Growth Factors for the 
Promotion of Endothelialization 

Polypeptide growth factors, particularly basic fibroblast 
growth factor and endothelial cell growth factor, have been 
determined to play a role in angiogenesis (60). Relatively 
few smdies have been reported on the incorporation of such 
factors into the walls of vascular grafts for slow release in 
vivo, although it will likely becqpie an important area of 
investigation. One example is an 'incorporation and release 
scheme for endothelial cell growth factor that permits its 
liberation from a treated Dacron grafiYor periods of several 
days in vivo (61). 
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\T THEN experimentation with extracorporeal circula- 
W lion began in the late 1800s, one of the first 
problems encountered was the need to prevent clots from 
forming when blood contacted foreign surfaces. The idea of 
using heparin for this purpose has been attributed to 
Gibbon (A. Keats, personal communication, January 1993), 
who also performed the first successful surgical procedure 
in humans using extracorporeal circulation and gas ex- 
change.* Heparin has served as the mainstay of anticoagula- 
tion for cardiopulmonary bypass (CPB) for almost four 
decades because it has a rapid onset, it cfTectivcly prevents 
clot formation, and it is rapidly and completely neutralized 
by protamine. Since the clinical introduction of CPB in the 
1950s, probably anticoagulation and its neutralization have 
changed less than any other aspect of CPB management. 
The only major advance in anticoagulation has been the use 
of monitoring to achieve more consistent endpoints for 
anticoagulation and its reversal," Some have questioned 
whether even this constitutes an improvement over empiric 
dosing of heparin and protamine.* 

Though it might be tempting to attribute the longevity of 
heparin and protamine to their superior pharmacologic 
properties, these drugs possess some important limitations. 
Heparin activates and degranulates platelets,^ which may 
contribute to the well-documented platelet functional defi- 
cit that follows CPB. In the absence of heparin or other 
anticoagulants, fibrinogen rapidly coats foreign surfaces, 
and platelets adhere to fibrinogen soon thereafter.*-^ Sys- 
temic administration, of heparin, even in the enormous 
doses used for CPB. incompletely prevents the adherence 
of fibrinogen and platelets to synthetic surfaces.' Blood 
coagulation remains moderately active during CPB despite 
profound anticoagulation with heparin.*" " Protamine acti- 
vates complement, causes vasodilation, and can cause 
life-lhrcaicning anaphylaxis or pulmonary hypertension.'^ 
Optimal protamine dosing remains controversial, because 
inadequate doses fail to neutralize hcparin-induced antico- 
agulation while excessive doses probably exacerbate coagu- 
lopathy after CPB and may contribute to adverse hemody- 
namic side effects of prolamine.'^ '-^ It appears that the use 
of heparin and prolamine for CPB continues at least in part 
because no practical alternatives have been introduced. 

In the vasculature, several systems work in concert to 
mainiain the fluidity of the bloodstream. Endothelial cells 
sccrcic the platelet inhibitor prostacyclin and the endothe- 
lial surface intrinsically inhibits thrombin, which is a potent 
stiniuhint of both platelet aggregation and fibrin formation. 


A heparin-like glycosaminoglycan called heparan sulfate 
adheres to the endothelial surface and attracts circulating 
antithrombin III, which largely accounts for the thrombin 
inhibition.**^ It has long been thought that a nonthrombo- 
gcnic synthetic surface would greatly enhance the biologic 
compatibility of extracorporeal circulation. In theory, the 
more closely this surface reproduced the normal interface 
between blood and endolhelium, the more compatible it 
would be. 

HISTORY 

In 1963, Vincent Gott, a prominent researcher and 
cardiothoracic surgeon, reported a technique for coating 
plastic surfaces with heparin via its attachment to a colloi- 
dal graphite coating." Some found this surface impractical 
because of the opacity and brittleness of the graphite 
coating.18 Soon after Gott's discovery, others achieved 
heparin binding by using quaternary ammonium salts to 
link heparin to synthetic surfaces, which usually consisted 
of polyethylene or polyvinylchloride,**-^^ This technique has 
been applied to extravascular shunts, intravascular cath- 
eters, and to extracorporeal oxygenator circuits. It has 
commonly been termed "ionic heparin binding," which 
takes advantage of heparin's polyanionic nature to bind it to 
a positively charged quaternary ammonium ion, which 
binds in turn to the synthetic surface. This is similar to the 
molecular interaction between heparin and protamine, 
except that each protamine molecule binds a heparin 
molecule at multiple sites; thus covering the attachment 
sites for antithrombin III, Surface attachment of heparin 
would more likely bind each heparin molecule in one or two 
places, thus leaving exposed the critical pentasaccharide 
sequence that binds antithrombin III. and possibly sites for 
binding heparin cofactor II as well." 

In the 1970s various methods for binding heparin to 
ammonium ions were used to coat the surfaces of cxtravas- 
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cular shunts and of extracorporeal membrane oxygenators 
for vcnovcnous bypass in experimental animals.^-^*-^' Some 
results were favorable over periods ranging from 1 to 5 days 
without systemic heparin admin islrat ion. ^O-^*" Qne report 
showed reduced survival with this technique as compared to 
24-hour perfusions with traditional systemic heparinization 
or to perfusion without systemic heparin or a heparin- 
coated bypass circuit,^ Another group showed promising 
results in both animals and humans using venoarterial 
bypass with a heparin-free nonthrombogenic surface com- 
posed of polyurcthane-polyvinylgraphiie.^'" One problem 
with some of these binding techniques was that the heparin 
would gradually leach off of the surface, leaving the 
ammonium-containing ligand exposed. This substrate might 
attract and bind platelets or be released into the blood- 
stream to cause potential toxicity.^' 

In patients requiring long-term extracorporeal oxygen- 
ation for pulmonary support, avoidance of systemic antico- 
agulation seemed ideal because hemorrhagic complications 
frequently ensued in that setting. Ionic binding of heparin 
to oxygenator surfaces presented other problems, however, 
such as the tendency of certain surfaces to swell and 
occlude, especially at sites of connection.^° This necessi- 
tated the use of a different molecular source of ammonium 
ion for different sites within the circuit, thus precluding the 
desirable possibility of assembling an entire disposable 
circuit and flushing it with a single solution that would 
render it receptive to heparin coating. Because heparin 
washout occurred over time,^° the duration of protection 
induced by this type of heparin coating was difficult to 
ascertain. Before these problems could be resolved, the 
clinical use of extracorporeal oxygenation for pulmonary 
support lost favor as a result of poor clinical outcomes.^^ 
Possibly because of a less urgent need to reduce or 
eliminate s>'stemic anticoagulation for the much shorter 
periods of extracorporeal circulation used for cardiac surgi- 
cal procedures, subsequent technologic advances in heparin- 
coated extracorporeal surfaces did not reach clinical trials 
until recently. 

TECHNIQUES OF HEPARIN COATING 

Figure 1 schematically demonstrates the most common 
techniques for attaching heparin to a synthetic surface, 
which were recently reviewed by Hsu.^' Heparin, a complex 
macromolecular acidic organic polysaccharide, is highly 
negatively charged at physiologic pH. Heparin's hydrophilic 
nature complicates its attachment to biomedical polymers, 
most of which arc hydrophobic.^' Even within a particular 
category- such as ionic or covalent heparin binding, specific 
molecular links vary in their affinity for heparin. Conse- 
quently, the duration of heparin attachment during continu- 
ous perfusion varies, as does protection against thrombosis 
at the interface between the blood stream and the ^nthetic 
surface. In gcncriil, covalent linkages appear more stable 
thun ionio ones.'"' und less thrombogcnic.-^ However, sev- 
eral techniques exist for covalent and ionic heparin binding, 
so the merits of covalent versus ionic binding techniques 
cannot be judged gcncrically. Other considerations include 
the availability of attachment sites for antithrombin III and 
ihc pi^r^.^ibiliiy of heparin mct;tbuli.^ni by circulating cn- 
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Fig 1 . Schematic representation of Ionic and covalent metltojls for 
binding heparin to a prosthetic surface. Spacer molecules (wavy tines 
between closed circles) as shown in the covalently linked heparin 
diagram are also commonly used In Ionic linkages. Rectangles repre- 
sent antithrombin 111 binding sites. (Courtesy of Medtronic Cardiopul- 
monary, Anaheim. CA.} 


zymes. Some configurations might limit exposure to circulat- 
ing antithrombin III,'* which is probably the most impor- 
tant mechanism of protection against thrombosis upon 
non-heparin-coated surfaces. 

Even if thrombin is avidly bound by a heparin-coated 
surface, antithrombosis appears to depend upon the simul- 
taneous interaction of thrombin, antithrombin III, and 
heparin.35 Although activated factor X (Xa) contributes 
importantly to physiologic thrombogenesis, successful inhi- 
bition of thrombin appears more important to an antithrom- 
bogenic interface between whole blood and a foreign 
surface than inhibition of Xa.^ Much like the physiologic 
interaction among heparan sulfate, antithrombin III, and 
thrombin at endothelial surfaces, the extracorporeal inter- 
action among heparin, antithrombin III, and thrombin is a 
regenerative one." This means that the hcparin-antithrom- 
bin Ill-thrombin surface complex releases stable ihrombin- 
antithrombin III complexes into the bloodstream, thus 
freeing the surface-bound heparin to interact repeatedly 
with circulating unbound antithrombint'lll and thrombin. 

Other important considerations include the flow rate in 
the extracorporeal circuit and the potentialjor blood stasis. 
Blood tends not to clot if it is flowing quickly through an 
extracorporeal conduit, even if the conduit material is 
intrinsically thrombogenic.-* Conversely, blood will tend to 
form clots when it flows slowly through a synthetic conduit 
even if the conduit is hcparin-coatcd.^-'" Even if flow is 
brisk, the complex components and connections in extracor- 
poreal circuits used for cardiopulmonary bypass tend to 
create areas oC stasis. 

Spacer molecules interposed between the synthetic sur- 


HEPARIN-COATED CP8 CIRCUITS 

face and heparin increase heparin interaction with anti- 
thrombin III.>«.37.40-»2 j^e length and the chemical composi- 
tion of the spacers influence both the binding stability and 
the antithrombotic cflRcacy of the surface-bound heparin. 
Chains composed of polyethylene oxide appear more effica- 
cious than those of alkane composition/' In general, longer 
spacer chains appear more antithrombotic than shorter 
ones."-^' Some have proposed that longer spacer chains 
provide more molecular mobility, greater bulk, more ex- 
posed antithrombin III binding sites, or the potential for 
heparin molecules to bind to the spacer molecules.^-** 
Glutaraldehyde treatment of the hcparin-trcated surface 
also appears helpful.^^ 

Platelet interaction represents another important aspect 
of surface-bound heparin. Although ihrombogcnicity and 
platelet deposition are often engendered by the same 
stimuli, these two processes are not always interdependent. 
Commercial heparin preparations contain a wide range of 
molecular chain lengths (approximately 5,000 to 50,000 D), 
and longer heparin chains strongly bind and activate 
platelets, causing them to degranulate." This characteristic 
of heparin would therefore tend to compromise antilhrom- 
bogenesis at the interface between blood and a heparin- 
coated artificial surface. Heparin's propensity to bind 
platelets can be opposed in at least two ways: (1) reducing 
the mean molecular weight of the surface-bound heparin, 
or (2) interposing platelet-repelling proteins between the 
heparin -coated surface and circulating platelets.'' Both 
techniques have been used effectively." Even in the pres- 
ence of a heparin-coated surface, plasma proteins tend to 
deposit at the blood-surface interface before platelets do. 
This deposition shields platelets from heparin, particularly 
if the protein is albumin.'^ *' The interactions at a heparin- 
coated surface are demonstrated schematically in Fig 2. 
Even fibrinogen coating can protect against platelet binding 
and activation as long as the heparin-coated surface pre- 
vents thrombin-mediated conversion of fibrinogen to fibrin. 
Protein dcnaturation facilitates platelet adhesion and acti- 
vation.*'-** The nature of spacer molecules used to connect 
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heparin to the synthetic surface also influences platelet 
binding, although the length of the spacer molecule appears 
to have no effect.***-*' 

Two currently available products permit extracorporeal 
circulation using heparin-bondcd surfaces. One technique 
deposits a polyethyleniminc (PEI) spacer onto the various 
extracorporeal surfaces, then attaches heparin fragments 
created by nitrous acid degradation of commercially avail- 
able porcine mucosal heparin.^J' Nitrous acid degradation 
creates an aldehyde group at the end of a heparin fragment, 
which is thought to attach covatently via end-point attach- 
ment to the PEI spacer. The attachment may be at least 
partially ionic, although this surface does not leach heparin 
in the presence of whole blood." This process creates a 
surface called the Medtronic/Carmeda Bioactive Surface 
((BAS J, Medtronic Cardiopulmonary. Anaheim, CA), which 
is available in a disposable circuit with a Medtronic Maxima 
membrane oxygenator. This heparin-bondcd o^^genator 
circuit costs $1,200 to $1,500* compared to $600 to $700 for 
the same circuit without the heparin treatment. This 
particular process has been called a "universal surface.**'^ 

The other commercially available product differs by 
ionically binding conventional unfractionated porcine mu- 
cosal heparin to a carrier first, then rinsing the extracorpo- 
real surfaces with this heparin-carrier complex. The precise 
formula for the carrier remains proprietary, but it has been 
described as alkylbenzyldimethylammonium chloride con- 
taining an 18-carbon length alk^l chain.*^ Binding heparin 
to the carrier makes the molecular complex sufficiently 
hydrophilic to bind to a variety of synthetic surfaces. This 
material is called Duraflo II heparin (Bentley Laboratories, 
Division of Baxter Healthcare Corp, Irvine. CA), and is 
available on Bentley Univox membrane oi^genator sur- 
faces. This process has been called a "universal coating."'' 
The cost of a Durafio Il-treated membrane oxygenator 
circuit is approximately $800, compared to approximately 
$600 for the same circuit without heparin coating. Both 
animal and human studies derailed below reflect consider- 
able experience with these two heparin-binding processes. 
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Fig 2. Schematic diagram of 
interactions at a heparin-coated 
surface. The relative importance 
to antithrombogenicity is shown 
by the type of unidirectional solid 
arrow: solid «vide, strong contri- 
bution; solid narrow, medium 
contribution; dashed, weak con* 
tribution. Bidirectional arrows 
depict interactions, with the 
strength of the interaction de- 
creasing in the following order: 
wide solid arrow, narrow solid 
arrow, dashed arrow. Note that 
albumin and fibrinogen bind to 
the surface even in the absence 
of heparin. (Reprinted vnth per. 
mission.*'! 
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RECENT ANIMAL STUDIES AND EX VIVO SIMULATIONS 
Animal and ex vivo models have cxlcnsivcly compared 
the hematologic alterations induced by cxiracorporcal circu- 
lation using traditional and heparin-coatcd circuits. Table 1 
summarizes these findings in studies evaluating perfusion 
times of 6 hours or less. Differences were reported only if 
they reached statistical significance. Most of these studies 
investigated small numbers of animals, in many instances 
fewer than 10. As a result, these studies have low statistical 
power; therefore, valid and substantial differences might 
not be unveiled. From these studies, it appears likely that 
heparin-coated circuits reduce blood trauma, as reflected 
by the frequent findings of better platelet and leukocyte 
preservation and less hemolysis (Fig 3). The Carmeda and 
Durafio 11 circuits both performed acceptably. These stud- 
ies also suggest that reduced levels of systemic anticoagula- 
tion arc safe with heparin-coatcd circuils,*'^*'-*^-*^ and 
possibly that they require no systemic anticoagula- 
tion.^-^^-^-" Three of four studies investigating the latter 
possibility involved just left heart bypass, which would likely 
pose a lower risk for thrombogenesis than full CPB. 
Whittlesey et aP** found that even uncoated CPB circuits 
could be safely managed at high flows for a 3-hour period 
without s>'stemlc anticoagulation. However, von Segcsseret 
al5237 found that uncoated CPB and left heart bypass 
circuits developed macroscopic thrombi in the absence of 
systemic anticoagulation. The same group of investigators 
commented that less bleeding in the surgical field occurred 
when heparin-coated circuits were used with reduced or 
absent systemic anticoagulation, although this observation 
was not quantified.*"' 

Many animal studies have also evaluated the hematologic 
consequences of perfusion with heparin-coated circuits for 
longer periods ranging from 2i hours to 5 days.'*'-'^-*' Most 
of them evaluated heparin-coatcd circuits used for venove- 


nous bypass without systemic anticoagulation. They found 
unchanged or moderately abnormal hematologic param- 
eters, including individual coagulation factor levels, anii- 
thrombin III levels, platelet counts, leucocyte counts, clot- 
ling times, arid plasma hemoglobin levels.**-""*' -^^ Two 
studies found small clots in stagnant zones such as the heat 
exchanger.^^ " Only two studies compared heparin-coated 
circuits to uncoated ones, finding higher plasma hemoglo- 
bin levels or lower platelet counts with the uncoated 
circuits.**-" Just as with shorter perfusion periods, satisfac- 
toiy and practically indistinguishable results were obtained 
with the Carmeda and Duraflo II surfaces. As yet, no 
studies have prospectively compared these two circuits in 
animals or humans. 

Three studies have evaluated the inflammatory response 
to 2-hour perfusion with Carmeda BAS circuits.^"" Two of 
these studies found decreased complement activation with 
the heparin<oated circuits." " Videm et al^* used human 
blood in an ex vivo simulation to evaluate this response, and 
used the same model to investigate granulocyte activation 
with heparin-coated circuits.** The latter investigation re- 
vealed greater myeloperoxidase release with uncoated cir- 
cuits, but no difference between the two circuits in lactofer- 
rin release or neutrophil counts.** 

The renal and blood gas exchange effects of heparin- 
coated circuits have also been compared to those of 
uncoated circuits. Weiss et al** found higher creatinine 
clearance and more negative free-water clearance in dogs 
perfused for 6 hours with Duraflo II heparin-coated cir- 
cuits, but little or no difference between coaled and 
uncoated surfaces in aldosterone, vasopressin, and natri- 
uretic hormone concentrations. The differences tended to 
occur toward the end of the perfusion period, and may have 
resulted from lower mean arterial pressures in the dogs 
perfused with uncoated circuits. Several studies, most by 


Table 1. Hematologic Findings in Animal and in Vitro Studies With CPB for 6 Hours or Less 


Auihor 

Suf(«ce Type 

Model 

Bypass Type 

Comparison 

Principal Findings 

Bagge** 

C 

Pig 

CPB 

SH. CU CH 

Coated circuits had higher platelet count better platelet adhesion, better 




leukocyte preservation, and less hemotysts 

Palafianos*' 

D 

Pig 

CPB 

SH,CH 

No difference in Wood loss or platelet count preservation 

Pala^nos** 

0 

Pig 

CPB 

CH. CNI 

Bener platelet count preservation with CNI 

Thelin*' 

C 

Pig 

CPB 

SH. CL 

Coated circuits showed better platelet and leukocyte preservation and less 





blood loss, hemolysis, and fibrinolysis 

Tong» 

0 

Cow 

CPB 

SH. CH 

Bener platelet preservation^ less leukocytosis, and less clotting activation 
with coated circuit 

von Segesser** 

C 

Cow 

CPB 

SH. CL 

No difference in hemoglobin, platelet counts, or thrombin time: no 





macroscopic thrombi in circuits 

von Segesser'i 

0 

Dog 

CPB 

SH. CN 

Less hemolysis with coated circuit / 

No differences in hemolysis, platelet counts, or thrombin times 

von Segesser" 

C 

Cow 

CPB 

SH. CNA 

von Segesser^ 

C 

Cow 

LH 

SN. CN 

No differences in hemoglobin or platelet counts. 1 of 5 SN devices cloned, 
more emboli and thrombin with SN ^ 

von Segesser» 

C 

Cow 

LH 

SN. CN 

No differences in hemolysis, platelet depletion, or macroscopic thrombi 

Weiss»« 

0 

Oog 

LH 

SH. CN 

Less hemolysis with coated circuit 

whiulesey" 

0 

Rabbit 

CPB 

SH, SN. CN 

No differences in thrombosis, emlwli. or platelet counts in 5-hour 
perfusion 


Abbreviations: C. Carmeda Bioaciive surface; O, Duraflo II surface: O. other; CPB. full cardiopulmonary bypass; LH. left heart bypass; SH. 
standard, uncoated circuit with traditional high-dose systemic heparin; SN. standard circuit with no systemic heparin; CH. heparin-coated circuit with 
traditional high-dose systemic heparin; CL. heparin-coated circuit with low-dose systemic heparin; CN. heparin-coated circuit with no systemic 
heparin: CNA. heparin-coated circuit with no systemic heparin but v^th high-dose systemic anroiinin: CNI. heparin-coated circuit with no systemic 
heparin but with systemic Hoprost for platelet preservation. 
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Fig 3. Results in pigs perfused with heparin -coated and uncoated 
CPB circuits. The uncoated group (O) received a single 400 lU/kg 
heparin dose, end the coated group (•) received a single 100 lU/kg 
heparin dose. All graphs show mean ♦ SEM. All abscissas show 
measurement intervals. The ordinates are as follows: (AJ ACT (sec). 
(8) Platelet count as a percent of the preoperative value. (C) Hemoly- 
sis expressed as absorfoance of plasma at 405 nm. Abbreviations: 
Preop. preoperative: Hep. aher heparin administration for CPB. 
•Denotes a significant (/» < 0.05) difference between groups. (Re- 
printed with permission.^*) 

the same group of investigators, have found satisfactory and 
similar ancrial blood gases with both heparin-coated and 
uncoated circuits.^-'^-S' " von Scgcsser ct al*'-" found 
higher mixed venous O2 saturations when using heparin- 
coated circuits for left heart bypass, which probably re- 
sulted from the higher cardiac output and lower blood loss 
in the animals perfused with coated circuits. 

HUMAN REPORTS AND STUDIES 
The Carmcda Bioaciivc and the Duraflo II hcparin- 
coatcd surfaces were recently Introduced. Each offers a 
surface coating with greater stability than those used briefly 
in the 1970s. In 1987 Bindslcv**-' used the Carmcda surface 
for extracorporeal carbon dioxide elimination to treat a 
patient with acute respiratory failure. All but one of the 
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other clinical reports using these circuits were published in 
1990 or later. Table 2 lists the clinical applications that have 
been published, most of which describe the use of heparin- 
coated circuits either for cardiac sur^ry or for pulmonary 
support. 


Table 2. Clinical Applications Reported for Heparin-Coated 
Eictracorporeal Circuits 

Cardiac surgery 
Pulmonary suppon 

Right or left ventricular mechanical support 
Partial bypass for descending thoracic aneurysm repair 
Resuscitation of accidental hypothermia 
. Cerebral aneurvsm surgery 
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CARDIAC AND DESCENDING THORACIC AORTIC SURGERY 

Table 3 details most of the reported experience in cardiac 
surgical patients. Studies have primarily compared hemato- 
logic responses to CPB, consisting of bleeding outcomes, or 
of chemical evidence for activation of the plasma coagula- 
tion cascade, the complement system, or leukocytes. No 
consistent pattern has emerged from these studies, all of 
which investigated patients undergoing coronary revascular- 
ization. The inconsistencies among studies may result from 
differences in the two coating techniques, differences in 
systemic anticoagulation, or from group sizes too smalt to 
detect statistically significant differences with acceptable 
statistical power. Only von Segesser et al'**" have tested 
heparin-coated circuits with systemic anticoagulation levels 
below those conventionally used for CPB in humans, and 
their results appear promising with respect to reducing 
post-CPB blood loss (Fig 4). von Segesser et al also used 
heparin-coated circuits with limited systemic anticoagula- 
tion during partial CPB in 12 patients undergoing resection 
of descending thoracic or thoracoabdominal aortic aneu- 
lysms" and three Jehovah's Witnesses undergoing myocar- 
dial revascularization.^^ Bennett et al^ used a similar 
approach in two descending thoracic aortic aneurysm 
repairs and in one traumatic descending thoracic aortic 
transection repair, and avoided heparin altogether in one 
patient undergoing repair of a traumatic descending tho- 
racic aortic transection. In order to safely manage CPB 
using ACTs.as low as 180 seconds, von Segesser ct aP*'" 
avoided placing a cardiotomy reservoir in the extracorpo- 
real circuit, because heparin coating was not available for 
that surface. Thai surface can now be coated with heparin, 
which will greatly simplifS' future investigations using re- 
duced levels of systemic anticoagulation (L-C. Hsu, per- 
sonal communication, September 1993). At this point, it 
can only be concluded that heparin-coated surfaces are at 
least as hematologically safe as uncoated ones for CPB in 
humans, and that some studies show reductions in clotting 
abnormalities or the inflammatory response. 

Two studies have compared neurologic parameters in 


patients undergoing myocardial revascularization with ei- 
ther heparin-coated or uncoated circuits, Pradhan et al^* 
found no difference in retinal microembolization, and 
Stump et al^ found no differences in cerebral blood fiow 
during CPB or in neurologic or neuropsychologic outcomes 
after CPB. Both of these studies used identical and tradi- 
tional systemic anticoagulation protocols for the coated and 
uncoated extracorporeal circuits. 

Pulmonary Support 

The use of extracorporeal ventilation for acute respira- 
tory failure (ARF) proved unsuccessful in the \910s?^ 
Subsequent experience, however, indicated that this failure 
probably resulted from overly stringent selection criteria.*' 
Intervening with extracorporeal life support before pulmo- 
nary damage was near-terminal improved survival from 
ARF, possibly by reducing the exacerbation of pulmonary 
pathology induced by mechanical ventilation before the 
disease became irreversible *2 Because patients with ARF 
often have complicating conditions such as head injuries, 
stress ulcers, and disseminated intravascular coagulation, 
the need to anticoagulate patients undergoing extracorpo- 
real ventilation raises concern about increasing the risk of 
hemorrhagic complications. For this application of extracor- 
poreal circulation, a nonthrombogenic surface therefore 
offers a compelling theoretical advantage. The advantage 
has apparently been so compelling that there have been no 
prospective human comparisons of heparin-coated and 
uncoated surfaces in this clinical setting. Rossaint reported 
26 patients, 13 of whom satisfied entry criteria for extracor- 
poreal lung assistance (ECLA)." Eleven of the 13 conven- 
tionally treated patients never satisfied these criteria, and 
all 11 of those patients survived. The two remaining 
patients in the conventional treatment group satisfied the 
entry criteria but refused ECLA, and both of those patients 
died. The 8 of 13 ECLA patients who survived were sicker 
than all but the two fatalities in the conventional treatment 
group. A survival benefit with ECLA using a heparin- 


Table 3. Hematologic Comparisons in Prospective Human Studies Comparing Heparin-Coated and Uncoated CPB Circuits for Cardiac Surgery 



Surface 

Number 

ACTTfweshold* 


Study 

Type 

pf Patients 

Coaled 

Uncoated 

PrifKipal Finding* 

Borowiec** 

C 

14 

300 

4O0 

No difference in bleeding or transfusions 

Borowiec^ 

C 

14 

300 

400 

Lesser myeloperoxidase and lactoferrin increases in coated group 

Fosse" 

C 

20 

300 

480 

Less increase in complement in coated group 

Gravlee* 

0 

22 

400 

400 

No differences in bleeding filter debris, FPA. or BTG 

Gu" 

0 

30 

400 

400 

No differences in FPA or AT III levels; early CPB TAT level ^ less in coated group 

Gu" 

0 

30 

400 

400 

Less increase in post-protamine C3a elastase. and TNF in boated group 

MoHnes" 

c 

20 

300 

480 

No difference in complement activation 

Pradhan" 

D 

14 

?T 

?t 

Lesser TAT increase late in CPB in coated group; no difference^ in bleeding. 






complement activation, elastase. or pulmonary neutrophil sequestration 

Videm" 

c 

20 

300 

480 

Less complement activation in coated group 

von Segesscf" 

0 

12 

180 

480 

Less bleeding and transfusion in coated group 

von Segesser" 

0 

22 

180 

480 

Less bleeding and transfusion, lower D-dimer levels in coated group 


NOTE. All studies include o.-.*-.- patients undergoing coronary revascularization. 

'ACT level {sec} at which additional heparin was administered. Lower ACT thresholds were also accompanied by smaller initial heparin doses. 
TBoth groups received "CO.— . emional heparin dosing/' ACT level not specified. 

Abbre>nations: ACT. aciivaied dotting time; FPA. fibrinopeptide A; 8TG. bctathromboglobulin; AT 111. antithrombin HI; TAT. ihrombin-antithrombin 
III complex: TNF, tumor necrcsls factor; C. Carmeda BioActive Surface; O. Ouraflo II heparin-coated surface. 
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Rg 4. A comparison between fow-tevel and htgh- 
level systemic anticoagulation in patients undergo- 
ing coronary revascularization with heparin-coated 
circuits. (A| ACT values (mean * standard deviation] 
before, during, and after bypass. (8) Total blood toss 
and transfusion (mean ♦ standard deviation) in the 
low-heparin (ACT > 180) and high-heparin (ACT > 
480J groups. The differences between groups were 
significant for both blood loss (P < 0.01) and transfu- 
sion (/> < 0.001). (Reprinted with permission.") 
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2000 ■ 


1000 ■ 


ACT»180 
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coated surface compared with conventional mechanical 
ventilation may thus be infcrrrcd. 

Several case reports and two scries using hcparin-coated 
surfaces for ECLA have been reported, all of which 
have used the Carmcda BioActive Surface. The majority of 
these reports have used venovcnous bypass, with a duration 
of pulmonary support ranging from 2 hours to 40 days. One 
of the two series is described above." and the other 
reported survival in four of seven patients treated for 
pulmonary insufficiency." Rossaint et a|W did not provide 
information about the duration or quality of survival 
whereas Bennett ci al^ defined survivors ys patients living 
60 or more days aficr bypa.ss icrmin;«lion; most of whom 
had returned to Ihcir "prc-bypass activities" (Did these 
•aciivitics" include endotracheal intubation and mechani- 
cal ventilation?). Among the scxcriil case reports, survival 
after ECLA was reported in live of si.\ paticnis,'«-«**« the 


longest follow-up being 4 months. The patient reported by 
Peters ct al" did not survive weaning from ECLA. 

In most of these reports, the extracorporeal circuit 
primarily augmented carbon dioxide elimination. Contin- 
ued mechanical ventilation at lesser frequencies and mean 
airway pressures provided oxygenation via the diseased 
lungs largely by apneic oxygen diffusion.*^ Because patients 
required little extracorporeal oxygenation and no circula- 
tory support, the flows through the extraa)rporeaI circuit 
usually remained less than 2 L/min. This would likely vaiy 
with the severity of the pulmonary disease. Either roller 
pumps or impeller-type pumps can be used. 

Whereas pulmonary support with uncoated circuits tradi- 
tionally uses a true membrane oxygenator made of silicone, 
the hcparin-coated circuits have only been available with 
hollow-fiber semipermeable membrane oxygenators. Semi- 
permeable menfbranes tend to leak plasma with prolonged 
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use, which progressively induces an irreversible state of 
"oxygenator pulmonan. edema" that requires changing to a 
new oxygenator. Rossaint et al" used 113 oxygenators in 
227 days of clinical use, and Wciterberg and Steen^^ used 15 
ojQ'genators over 35 days. 

When ECLA uses a traditional uncoatcd circuit, most 
centers have infused heparin to maintain the ACT between 
170 and 240 seconds. Should bleeding ensue or surgery be 
required, ACTs range from 150 to 180 seconds, although 
some have reported oxygenators, clotting in this range.*' 
Most investigators using heparin<oated circuits for ECLA 
use low levels of systemic anticoagulation induced by a 
continuous heparin infusion, usually to an ACT below 200 
seconds or an activated partial thromboplastin time below 
50 seconds.^-*^ "-^ Rossaint et al" " maintained the ACT 
below 150 seconds. In some reports, anticoagulation was 
either never used or was discontinued for reasons such as 
multiple trauma,** the need for surgery,*^-** or the presence 
of bleeding.*' In the case reported by Wettcrbcrg, no 
systemic anticoagulation was used for 23 of the 35 days of 
ECLA." Rossaint et al*'^ supplemented anticoagulation 
with prostacyclin for platelet inhibition and with antithrom- 
bin III concentrate to maintain plasma antithrombin III 
concentrations at least 80% of normal. Wetterberg and 
Steen*' used antithrombin III concentrates and plasma to 
maintain plasma antithrombin III levels at least 100% of 
normal Macroscopic clots in the extracorporeal circuit did 
not occur in any of the patients receiving ECLA with 
hcparin-Goated circuits. Two circuits were washed with 
saline after ECLA termination and found to have minimal 
fibrin formation either macroscopically*^ or by scanning 
electron microscopy.*^ 

Olher Clinical Uses 

Limited experience has been reported with heparin- 
coated surfaces for resuscitation of accidental hypothcr- 
,nia77.79.OT and for support of a failing right or left ventricle 
after CPB.''** One of three hypothermic patients sur- 
vived."** Two of these three resuscitations with heparin- 
coated circuits did not utilize systemic anticoagulation. 
Bennett et al™ used the Carmeda surface, and von Segesser 
et al** used the Duraflo II surface. 

Bennett and colleagues^ used closed-chest cardiopulmo- 


nary support in two patients who underwent cardiac surgi- 
cal procedures, both of whom received limited systemic 
anticoagulation with the Carmeda surface and survived. 
Saito et al^ treated 13 patients experiencing profound 
post-CPB cardiac failure with ventricular assistance (right-, 
left-, or bi-ventricular) using a heparin -coated surface 
(Anthron) and a roller pump-driven system. Systemic 
anticoagulation, if used, was not reported. Eight patients 
were successfully weaned from this support, and six sur- 
vived to be discharged from the hospital. 

Bennett et al^ used closed-chest venoarterial bypass to 
accomplish deep hypothermic circulatory arrest for a pa- 
tient undergoing clipping of a cerebral aneurysm. Limited 
heparin doses were administered to maintain ACTs be- 
tween 121 seconds and 262 seconds over a bypass period of ■ 
3 hours and 17 minutes. The patient survived. 


SUMMARY 

The indications for heparin -coated extracorporeal cir- 
cuits cannot be defined or limited at present. Clinical 
investigation remains at an early stage of development. In 
situations where the risk of systemic anticoagulation is high, 
this technology would seem to hold great promise. Ex- 
amples include extracorporeal lung assist and resuscitation 
from accidental hypothermia. Some have also suggested the 
use of heparin-coatcd circuits for percutaneous bypass in 
cardiopulmonary resuscitation.'* A significant advantage 
might also accrue in noncardiac surgical procedures requir- 
ing cardiopulmonary bypass, such as complex cerebral 
aneurysm or arteriovenous malformation resections, resec- 
tions of the tracheal carina, or bilateral lung transplanta- 
tions. Its role in routine cardiac surgical procedures re- 
mains uncertain, but the work of von Segesser et al^^*^ 
suggests a need for continued investigation in that setting 
using reduced levels of systemic anticoagulation. That 
endeavor will be greatly assisted by the recent development 
of heparin-coated cardiotomy reservoirs. Although heparin- 
coated circuits have been safely used for extracorporeal 
lung assist with little or no systemic anticoagulation, prospec- 
tive studies are clearly needed to determine if this approach 
is advantageous, and it would seem appropriate to develop 
heparin coating for silicone-based membrane oxygenators. 


REFERENCES 


1. Gibbon JH Jr: Application of a mechanical heart and lung 
apparatus to cardiac surgct\'. Minn Med 37:171-185. 1954 

2. Bull BS, Korpman RA. Husc WM, Briggs BD: Heparin 
th<rapy during extracorporeal circulation. I. Problems inherent in 
existing heparin protocols. J Thorac Cardiovasc Surg 69:674-684, 
1975 

3. Bull BS, Husc WM. Brauer FS, Korpman RA: Heparin 
therapy during extracorporeal circulation. II. The use of a dose- 
rtf>ponse curve to individualize heparin and protamine dosage. J 
Thorac Cardiovasc Surg 69:685-689. 1975 

-1. Mciz S. Keats AS: Low activated coagulation time during 
tardiopulmonary bypass docs not increase pt)siopcr;itive bleeding. 
Ann Thorac Surg 49:-440-444. 1990 

Thunison C. Forbes CD. Prentice CRM; The potentiation of 
platelet acgrcgalion and adhesion hy hcpurin in vitro and in vivo. 
Clin Sci Mol Med 45:4S5-4V4. 197.^ 


6. Baier RE, Dutton RC: Initial events in interactions of blood 
with a foreign surface. J Biomed Mater Res 3:191-206, 1969 

7. Zucker MB. Vroman L: Piateiet adhesion induced by fibrino- 
gen adsorbed onto glass. Proc Soc Exp Biol t^td 131:318-320, 1969 

8. Salzman.EW, Merrill EW. Binder A. et al: Protein-platelet 
interaction on heparinized surfaces. J Biomed Mater Res 3:69-81, 
1969 * 

9. Gravlce GP. Phipps J. Mills SA, et al: Hematologic evaluation 
of a heparin-coated circuit for cardiopulmonary bypass. Anesihesi- 
olog>- 77:A99. 1992 

10. Gravtec GP. Haddon WS, Rothberger HK, et al: Heparin 
dosing and monitoring for cardiopulmonary bypass: A comparison 
of techniques with measurement of subclinical plasma coagulation. 
J Thorac Cardiovasc Surg 99:5 1 8-527. 1 990 

IL Cu YJ. vaji Oevcren W, van dcr K;mip KWHJ. et al: 
Heparili-coalingof e.\tr»corp(ircal circuits reduces thrombin forma- 


HEPARIN-COATED CPB CIRCUITS 


221 


tion in patients undergoing cardiopulmonaiy bypass. Perfusion 
6:221-225. 1991 

12. Horrow JC: Heparin reversal of protamine toxicity: Have we 
come full circle? J Cardiothorac Anesth 4:539-542, 1990 

13. Guffin AV, Dunbar RW, Kaplan JA. Bland JW Jr: Success- 
ful use of a reduced dose of protamine after cardiopulmonary 
bypass. Anesth Analg 55:110-1 13. 1976 

14. Moriau M, Masurc R, Hurlel A, et al: Haemostasis disorders 
in open heart surgery with extracorporeal circulation. Vox Sang 
32:41-51.1977 

15. Tan F, Jackman H, Skidgel RA, et al: Protamine inhibits 
plasma carboxypeplidase N, the inactivator of anaphylatoxins and 
kinins. Anesthesiology 70:267-275, 1989 

16. Marcum J A, Rosenberg RD: The biochemistry, cell biology, 
and pathophysiology of anticoagulantly active heparin-likc mol- 
ecules of the vessel wall, in Lane DA. Lindahl U (cds): Heparin: 
Oinical and Biological Properties, Qinical Applications. Boca 
Raton. FL. CRC, 1989, pp 275-294 

17. Gott VL, WhifTen JD. Dutton RO Heparin bonding on 
colloidal graphite surfaces. Science 142:1297-1298. 1963 

18. Amplatz K: A simple non-thrombogenic coating. Invest 
Radiol 6:280-289, 1971 

19. Eriksson JC, Gillbcrg G, Lagcrgren H: A new method for 
preparing nonthrombogcnic plastic surfaces. J Biomed Mater Res 
1:301-312. 1967 

20. Ebede JW, Manton JR. Meals CR. et al: Cross-linked 
heparin binding of a membrane oxygenator system. J Biomed 
Maier Res 7:145-153. 1973 

21. Hawkins IF Jr, Kelley MJ: Benzalkonium-heparin-coatcd 
angiographic catheters. Radiology 109:589-591. 1973 

22. Lagergren HR, Eriksson JC: Plastics with a stable surface 
monolayer of cross-linked heparin: Preparation and evaluation. 
Trans Am SocArtif In t Organs 17:10-12, 1971 

23. Larm O, Larsson R, Olsson P: A new non-thrombogcnic 
surface prepared by selective covalcni binding of heparin via a 
modified reducing terminal residue. Biomater Med Devices Artif 
Organs 11:161-173. 1983 

24. Brenner WI, Engclman RM. Williams CD, ct al: Nonthrom- 
bogcnic aortic and vena caval bypass using hcparin-coatcd tubes. 
Am J Surg 127:555-559, 1974 

25. Fletcher JR, McKce AE. Mills M, et al: Twenty-four hour 
membrane oxygenation in dogs without anticoagulation. Surgery 
80:214-223,1976 

26. Hagler HK, Powell WM, Eberle JW. et al: Five-day partial 
bypass using a membrane oxygenator without systemic hepariniza- 
tion. Trans Am Soc Artif Int Organs 21:178-187, 1975 

27. Rca WJ. Whitley D, Eberle JW: Long-term membrane 
oxygenation without systemic heparinization. Trans Am Soc Artif 
Int Organs 1 8 J 16-320. 1 972 

28. Wakabayashi A. Hirai J. Serrcs EJ, et al: Employment of a 
pump oxygenator without use of heparin. Surg Forum 21:132-133 
1970 

29. Wakabayashi A. Nakamura Y. Murphy KJ, et al: Heparin- 
Icss venoarterial bypass. Its application in the treatment of experi- 
mental cardiogenic shock. Arch Surg 108:497-501, 1974 

30. Wakabayashi A. Woolley TO, Nakamura Y. et al: Blood 
coagulation studies during six day heparintess venoarterial bypass 
in sheep. J Surg Oncol 8:299-304. 1976 

31. Kim SW, Ebert CD. Lin JY. McRca JC: Nonthrombogcnic 
polymers. Pharmaceutical approaches. ASAIO J 5:76-87, 1983 

32. Zapol WM. Snider MT. Hill JD, ct al: Extracorporeal 
membrane o.vygcniiiion in severe respiratory failure. JAMA 242- 
2193-2196.1979 

33. Hsu LC: Principlcsofhcparin-coaiing techniques. Perfusion 
6:209-219.1991 

34. Liu LS. I(o Y. Imanishi Y: Synihe<:is and antithrombogcnic- 


ity of heparinized polyurcthanes with intervening spacer chains of 
various kinds. Biomatcrials 12:390-396. 1991 

35. MiuraY.AoyagiS.Kusada Y.Miyamoto K: The characteris- 
tics of anticoagulation by covalently immobilized heparin. J Biomed 
Mater Res 14:619-630, 1980 

36. Larsson R, Olsson P, Lindahl U: Inhibition of thrombin on 
surfaces coated with immobilized heparin and heparin-like polysac- 
charides: A crucial nonthrombogenic principle. Thromb Res 1943- 
S4. 1980 

37. Ito Y: Antithrombogenic heparin-bound polyurcthanes. J 
Biomater AppI 2:235-265, 1987 

38. Whittlesey GC. Kundu SK, Salley SO, et al: Is heparin 
necessaiy for extracorporeal circulation? ASAIO Trans 34:823- 
826. 1988 

39. Amander Q Olsson P, Larm O: Influence of blood flow and 
the effect of protamine on the thromboresistant properties of a 
covalently bonded heparin surface. J Biomed Mater Res 22 859- 
868. 1988 

40. Ebert CD, Kim SW: Immobilized heparin: Spacer arm. 
effects on biological interactions. Thromb Res 26:43-57, 1982 

41. Park KD. Okano T. Nojiri C, Kim SW: Heparin immobiliza- 
tion onto segmented polyurethaneurca surfaces — Effect of hydro- 
philic spacers. J Biomed Mater Res 22:977-992, 1988 

42. Park KD. Kim WG, Jacobs H. et al: Blood compatibility of 
SPUU-PEO-heparin graft copolymers. J Biomed Mater Res 26:739- 
756. 1992 

43. Ito Y, Sisido M, Imanishi Y: Platelet adhesion onto protein- 
coated and uncoated polyetherurethaneurea having tertiary amino 
groups in the substituents and its derivatives. J Biomed Mater Res 
23:191-206, 1989 

44. Ito Y, Sisido M, Imanishi Y: Adsorption of plasma proteins 
and adhesion of platelets onto novel polyetherurethaneureas — 
Relationship between denaturation of adsorbed proteins and 
platelet adhesion. J Biomed Mater Res 24:227-242, 1990 

45. von Segesser L, Turina M: Cardiopulmonary bypass without 
systemic heparinization for 24 hours. Proceedings of AmSECT 
Annual Meeting, Atlanta, GA, March 10-14, 1989, pp 76-82 

46. Baggc L. Thelin S, Hultman J, ct al: Heparin-coated 
CPB-Sets increase biocompatibility and reduce endothelial cell 
damage in pigs. J Cardiothorac Anesth 3:84, 1989 (suppl I) 

47. Palatianos GM. Dewanjcc MK. Kapadvanjwala M, et al: 
Cardiopulmonary bypass with a surface-heparinized extracorpo- 
real perfusion system. ASAIO Trans 36:M476-M479, 1990 

48. Palatianos GM, Dewanjcc MK, Smith W, ct al: Platelet 
preservation during cardiopulmonary bypass with Iloprost and 
Duraflo-II heparin-coated surfaces, ASAIO Trans 37:620-622. 
1991 

49. Thelin S. Bagge L, Hultman J. el al: Heparin-coated 
cardiopulmonary bypass circuits reduce blood cell trauma. Experi- 
ments in the pig. Eur J Cardiothorac Surg 5:486-491. 1991 

50. Tong SD. Rolfs MR. Hsu LC Evaluation of Duraflo II 
heparin immobilized cardiopulmonary bypass circuits' ASAIO 
Trans 36:M654-M656, 1990 

51. von Segesser LK, Lachat M. Lcskosck B. et al: Cardiopulmo- 
nary bypass with low systemic heparinization: An experimental 
study. Perfusion 5:267-276. 1990 ^ 

52. von Segesser LK. Turina M: Cardiopulmonary bypass with- 
out systemic heparinization. Performance of heparin-coated oxygen- 
ators in comparison with classic membrane and bubble oxygen- 
ators. J Thorac Cardiovasc Surg 98:386-396, 1989 

53. von Segesser LK, Weiss BM. Pasic M, ct al: Experimental 
evaluation of heparin-coated cardiopulmonary bypass equipment 
with low systemic heparinization and high-dose apruiinin. Thorac 
Cardiovasc Surgeon 39:251-256. 1991 

54« von Sege$.%cr LK, Weiss BM. Hanseler E, et al: Improved 


222 


GLENN P. GRAVLEE 


biiicompaitbiltiy of heparin surface-coated ventricular assist de- 
vices. Int J Arti'f Organs 15:301-306. 1992 

55. von Scgesser LK, Weiss BM, Bisang B. et al: Ventricular 
assist with heparin surface coated devices. ASAIO Trans 37:M278- 
M279. 1991 

56. Weiss BM, von Scgesser LK. Vetter W. ci al: Heparin- 
coatcd left heart bypass: Renal function and hormonal response. 
Int J Arlif Organs 14:792-799. 1991 

57. von Scgesser LK. Lachat M. Gal lino A. et al: Performance 
characteristics of centrifugal pumps with heparin surface coating. 
Thorac Cardiovasc Surgeon 38:224-228. 1990 

58. Koul B. Vesterqvist O, Egberg N, Sicen S: Twenty-four-hour 
heparin-free vcno-right ventricular ECMO: An experimental study. 
Ann Thorac Surg 53:1046-1051. 1992 

59. Lowe NL, Oedekoven B, Shumway RL, Mottaghy K: Evalu- 
ation of immobilized bioactive surface on extracorporeal circuits. 
Proc Am Acad Cardiovasc Perfusion 1 1:47-51. 1990 

60. Mottaghy K. Oedekoven B, Schaich-Lcster D, el al: Applica- 
tion of surfaces with end point attached heparin to extracorporeal 
circulation with membrane lungs. ASAIO Trans 35:146-152, 1989 

61. Mottaghy K. Oedekoven B. Pdppel K, et al: Heparin free 
long-term extracorporeal circulation using bioactive surfaces. 
ASAIO Trans 35:635-637. 1989 

62. Toomasian JM. Hsu LC, Hirschl RB, et al: Evaluation of 
Duraflo I! heparin coating in prolonged extracorporeal membrane 
oxygenation. ASAIO Trans 34:410-414. 1988 

63. von Scgesser LK, Turina M: Long term cardiopulmonary 
bypass without systemic heparinization. Int J Artif Organs 13:687- 
691,1990 

64. Nilsson L, Storm KE, Thelin S, et al: Heparin-coaled 
equipment reduces complement activation during cardiopulmo- 
nary bypass in the pig. Artif Organs 14:46-48. 1990 

65- Videm V, Mollnes TE, Garred P, Svenncgig JL: Biocompat- 
ibility of extracorporeal circulation. In vitro comparison of heparin- 
coated and uncoated oxygenator circuits. J Thorac Cardiovasc Surg 
101:654-660, 1991 

66- Videm V, Nilsson L, Venge P. Svennevig JL: Reduced 
granulocyte activation with a heparin-coated device in an in vitro 
model of cardiopulmonary bypass. Artif Organs 15:90-95, 1991 

67. von Segesser LK. Weiss BM. Gallino A. et al: Superior 
hemodynamics in left heart bypass without systemic hepariniza- 
tion. Eur J Cardiothorac Surg 4:384-389. 1990 

68. Bindslev L, Eklund J, Norlander O, ct al: Treatment of acute 
respiratory failure by extracorporeal carbon dioxide elimination 
performed with a surface heparinized artificial lung. Anesthesiol- 
ogy 67:117-120. 1987 

69. Borowiec J, ThcHn S, Bagge L, el al: Heparin-coated circuits 
reduce activation of granulocytes during cardiopulmonary bypass. 
A clinical study. J Thorac Cardiovasc Surg 104:642-647. 1992 

70. Borowiec J. Thelin S, Bagge L, ct al: Heparin-coaied 
cardiopulmonary bypass circuits and 25% reduction of heparin 
dose in coronaiy artery surgery — ^A clinical study. Upsala J Med Sci 
97:55-66. 1992 

71. Fosse E, Videm V. Johnson E, et al: Reduced complement 
activation during cardiopulmonary bypass with heparin-coated 
oxygenator and tubings. Pathophysiology & Techniques of Cardio- 
pulmonary Bypass. Cardiothoracic Research and Education Foun- 
dation, San Diego. CA, 1992, p 175 

72. Gu YJ, van Oeveren W. Akkcrman C, ct al: Heparin-coated 
circuits reduce the inflammatory response to cardiopulmonary 
bypass. Ann Thorac Surg 55:91 7-922, 1 993 

73. Mollnes TE. Videm V, Goize O, et al: Formation of C5a 


during cardiopulmonary bypass: Inhibition by precoating with 
heparin. Ann Thorac Surg 52:92-97. 1991 

74. Pradhan MJ. Fleming JS. Nkcre UU. ct al: Qinical experi- 
ence with heparin-coated cardiopulmonary bypass circuits. Perfu- 
sion 6:235-242. 1991 

75. Videm V, Svennevig JL, Fosse E. ct al: Reduced comple- 
ment activation with heparin-ooated oi^genator and tubings in 
coronaiy bypass operations. J Thorac Cardiovasc Surg 103:806-813. 
1992 

76. von Segesser LK. Weiss BM. Garcia E. et al: Reduced blood 
loss and transfusion requirements with low systemic hepariniza- 
tion: Preliminary clinical results in coronary artery revasculariza- 
tion. Eur J Cardiothorac Surg 4:639-643, 1990 

77. von Segesser LK. Weiss BM. Garcia E. ct al: Reduction and 
elimination of systemic heparinization during cardiopulmonary 
bypass. J Thorac Cardiovasc Surg 103:790-799, 1992 

78. von Segesser LK. Weiss BM, Garcia E. Turina MI: Qinical 
application of heparin-coated perfusion equipment vnih special 
emphasis on patients refusing homologous transfusions. Perfusion 
6:227-233. 1991 

79. Bennett J. Hill J. Long W, ct al: Biocompatible circuits: An 
adjunct to noncardiac extracorporeal cardiopulmonary support. J 
ExtracorpTcchnol 24:6-11. 1992 

80. Stump DA, Mills SA. Cdker LH, et al: The effect of heparin 
bonded membrane o^genator circuits on neuropsychological com- 
plications, emboli, and cerebral blood flow in coronary artery 
bypass patients. Anesthesiology 77:A544, 1992 

81. Cillcy RE. Bartlett RH: Extracorporeal life support for 
respiratoiy failure, in Gravlce GP. Davis RF, Utiey JR (eds): 
Cardiopulmonary Bypass: Principles and Practice. Baltimore, MD, 
Williams and Wilkins. 1993. pp 655-681 

82. Gattinoni L, Pesenti A. Mascheront D, ct al: Low frequency 
positive pressure ventilation with extracorporeal COj removal in 
severe acute respiratory failure. JAMA 256:881-886, 1986 

83. Rossaint R, Slama K. Lcwandowski K, ct al: Extracorporeal 
lung assist with heparin-coated systems. Int J Artif Organs 15:29- 
34. 1992 

84. Bennett J, Hill J, Bruhn P. ct al: Hcparin-frcc cardiopulmo- 
nary support, utilizing a Carmeda coated circuit, for a patient with 
pulmonary hemorrhage and multiple trauma. Am Soc Extracorp 
Tech Proc 23:86-89, 1992 

85. Peters J. Radcrmacher P, Kuntz ME, et al: Extracorporeal 
C02-removal with a heparin coated artificial lung. Intensive Care 
Med 14:578-584, 1988 

86. Rossaint R, Slama K. Lcwandowski K, et al: Major thoracic 
surgety during long-term extracorporeal lung assist for treatment 
of severe adult respiratory distress syndrome (ARDS). Eur J 
Cardiothorac Surg 6:43-45, 1992 

87. Wcitcrbcrg T. Steen S: Total extracorporeal lung assist — ^A 
new clinical approach. Intensive Care Med 17:73-77, 1991 

88. Willms D, Dcmbitsky W: Prolonged extracorporeal support 
for ARDS using surfacc-hcparinized equipment. Chest 102.968- 
970. 1992 

89. von Scgesser LK, Garcia E. Turfna M: Perfusion without 
systemic heparinization for rcwarming in accidental hypothermia. 
Ann Thorac Surg 52:560-561. 1991 

90. Saito A, Hayashi J, Eguchi S: Mechanical circulatory assist 
using heparin-coated tube and roller pump system. Ann Thorac 
Surg 53:659-665, 1992 

91. von Scgesser LK, Weiss BM, Turina Ml: Perfusion with 
hcparin<oated equipment: Potential for clinical use. Semin Tho- 
rac Cardiovasc Surg 2:373-380, 1990 


[ir|e I N e M A N N 


Biomaterials 16 (199S) 673-e7g 
O 199S Elsevier Science Umiied 
Primed in Cr<Ml Britain. All rights reserved 

oi4z-96i2/gs/sio.oa 


o 


Synthesis of phospholipid polymers 
having a uxethane bond in the side 
chain as coating material on 
segmented polyurethane and their 
platelet adhesion-resistant properties 

Kazuhiko Ishihara. Hisako Hanyuda and Nobuo Nakabayashi 

Institute tor Medical and Dental engineering. Tokyo Medical and Dental University, 2-3-10. Kanda-surugadai, 
Chiyoda-ku. Tokyo 101. Japan 

Surface moditication of segmented polyurclhanes (SPUs) was carried out using new blood compatible 
polymers having both phospholipid polar groups and urethane bonds In the side chains. The polymers 
were composed of 2-methacryloy!oxyethyl phosphorylcholine (MPC). n-butyl methacrylate (BMA) and 
melhacrylate with a urethane bond (MU). The MPC copolymers were soluble in ethanol. The SPU 
membranes were immersed in an ethanol solution of MPC copolymers and dried in vacuo for coating. 
The surface formed was completely covered with the MPC copolymer which was confirmed by X-ray 
photoeleclron spectroscopic analysis. The polymer coatings were hardly detached io water, ethanol 
and 40% aqueous solution of ethanol compared with poly(MPC-co-BMA) which did not have the MU 
moieties. Therefore, the MU moieties had affinity for the SPU. The surface modification of the SPUs 
suppressed platelet adhesion effectively after contact with. platelet-rich plasma for 180 min. 

Keywords: Polyurethane^. haemocompaUbiUty. phospholipid polymer, platelet adhesion, surface 
modification 
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Segmented polyurethanes (SPUs) are widely used as 
biomedical materials because of their excellent 
mechanical properties and blood compatibility\ The 
hard segments consist of urethane or urea linkage 
forming domains which disperse in the matrix of the 
soft segments. The primary driving force for the 
domain formation is the strong intermolecular interac- 
tion between the urethane or urea units, which are 
capable of forming hydrogen bonds. 

Lyman et al}'^ investigated the blood compatibility 
of these SPUs to clarif>' their structural effects on 
protein adsorption and platelet adhesion. Because 
these SPUs form a microphase-separated structure 
composed of two incompatible segments, they 
assumed that these segmented copolymers have two- 
phase morphologies with a domain of size 3-10 nm, 
which approximates to the size of globular proteins. 
The surface composition of SPU shows very important 
and interesting effects on platelet adhesion. Based on 
X-ray photoelectron spectroscopic observation of SPU. 
Sung and Hu^ eslimalcd the concentration of soft 
segments at the surface, and found a linear correlation 
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between the surface concentration of soft segments and 
platelet adhesion on the surface. However, the blood 
compatibility of the SPUs was not satisfactory for long- 
term implantation as a vascular graft of small diameter. 
Moreover. Zhao el al^ reported the degradation of the 
SPU by adsorption of proteins, adhesion of 
macrophages and peroxide formation. The soft 
segment, which was mainly a polyether chain, was 
degraded by the oxygen radicals produced by the 
macrophages'. Therefore, it is necessary to reduce cell 
adhesion to prevent degradation of the SPU when it is 
used in Wvo for long periods. 

Recently. Nojiri et al.^ reported that the surface of 
vascular grafts made with the SPU Biomer'** could be 
modified by coating with polyt2-hydroxyethyl 
methacrylate (HEMA)-b/ocki-styrene(St)l from solution. 
The total occlusion time was significantly elongated, 
and the thickness of the adsorbed protein layer at the 
interface was thinner than that on Biomer or on that 
grafted with poly{elhylene oxide). 

In a previous paper', we showed that copolymers of 
2-niethacryloyloxyethyl phosphorylcholine (MPCl 
with hydrophobic alkyl melhacrylates. particularly n- 
butyl methacrylate (BMA). showed excellent non- 
thrombogenlcity even when the poly(MPC-co-BMA)s 
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were in contact with human whole blood in the 
absence of an anticoagulant. The poly(MBC-co-BMA)s 
could reduce protein adsorption from plasma"'^. 
Because the MPC copolymers have a phosphorylcho- 
line group which is a typical phospholipid polar 
group, the copolymers have a strong afTmity for 
phospholipids . The phospholipid molecules were 
adsorbed on the surface of the MPC copolymer from 
the plasma, resulting in the formation of a 'self- 
assembled biomimetic membrane' constructed from 
adsorbed phospholipid molecules and MPC moieties 
on the surface^. The self-assembled biomimetic 
membrane surface can interact weakly with blood cells 
and proteins, and does not induce activation of these 
components. This was confirmed when poly(MPC-co- 
BMA) was treated with dipalmitoylphosphatidylcho- 
iine liposomal solution; both protein adsorption and 
platelet adhesion were suppressed more efTectively 
compared with that observed on the original MPC 
polymer, even when the mole fraction of MPC in the 
polymer was low^-^°- 

In this study, based on the fundamental properties of 
poly(MPC-co-BMA). the chemical structure of 
poly(MPC-co-BMA) was modified as a coating material 
suitable for SPUs by the introduction of a urethane bond 
in the side chain. The effects of the urethane bond 
introduced into the modified poly(MPC-co-BMA) on the 
affinity for typical SPUs for medical grade use and on 
platelet adhesion-resistant properties are discussed. 


EXPERIMENTAL DETAILS 


3- Materials 


2-Methacryloyloxyethyl phosphorylcholine (MPC) was 
synthesized by a method reported previously'^, n- 
Butyl methacrylate (BMA, Nakarai Tesque Co., Tokyo. 
Japan) and 2-isocyanate ethyl methacrylate (lEMA. 
Kokusan Kagaku Co.. Tokyo. Japan) were reagent grade 
and were purified by vacuum distillation; fractions of 
b.p. 68.5*'C/30 mm Hg and b.p. eO.CC/a.S mm Hg 
were used, respectively. Toluene was distilled over 
calcium hydrate, and the fraction of b.p. 110.6" C was 


Soft segment 


used. n-Butanol and benzyl alcohol were used after 
drying with molecular sieves 4A. Two kinds of SPUs 
were used in this study. Poly(elher urethane). 
Pellethane" 2363-90 (PT-90. Upjohn Co.). was kindly 
supplied by Terumo Co. Ltd. Poly{elher urelhaneurea). 
TM-3 " , was kindly given by Toyobo Co. as a 10 wt% 
solution in n.N-dimethylacetamide (DMAC), The 
structures of these SPUs are shown in Figure 1. Other . 
reagents were commercially available in extra-pure 
grade and were used without further puriHcation. 

Monomer synthesis 

Methacrylates with a urethane bond in the side chain 
(MUs) were synthesized by the reaction between lEMA 
and the corresponding alcohol or phenol"- The 
chemical formulae of these monomers are shovm in 
Figure 2. The general synthetic procedure for MU was 
as follows. A 300 ml three-necked flask equipped with 
a condenser, a thermometer and a magnetic stirrer was 
loaded with 0.1 mol of lEMA, 0.105 mol of the alcohol 
or phenol, and a small amount of dibutyltin dilaurate 
(DBTL) as catalyst. Into this mixture, 150 ml of toluene 
were added as a solvent- The solution was stirred at 
60' C for a given time. After the reaction, the toluene 
was removed using an evaporator in the case of 2- 
melhacryloyloxyethyl bulylurethane (MEBU) syn- 
thesis, and the mixture was distilled under reduced 
pressure. In the cases of 2-methacryloyloxyethyl 
benzylurelhane (MEBZU) and 2-melhacryloyloxyelhyl 
phenylurethane (MEPU), the reaction mixture was 
cooled in a refrigerator to crystallize the products. The 
structure of the MUs obtained was confirmed by 
NMR spectroscopy. IR spectroscopy and elemental 
analysis. Spectral and thermal data for each methacry- 
late are shown as follows. MEBU: 'H NMR:(CDCl3. a in 
ppm) 0.83-0.88 (a-CHa. 3H). 1.26-1.55 (CH2 and CH3 
in side chain. 7H), 3.40-3.43 (CHz-N, 2H), 3.95^.05 
(NCOO-CH2. 2H), 4.10^.17 (CCOO-CH2. 2H). 4.80- 
4.95 (-NHCOO-, IH), 5.52-5.53 (C=CH, IH), 6.05- 
6.06 (C=CH. IH); IR: (cm"') 3200-3400 (-NCOO-). 
2800-3000 (CH2 and CH3). 1720 (C=0). 1640 (C=CH2). 
1580 (-NHCOO-). 1100-1260 (-COO-); b.p. = 132- 
135"C/2 mmHg. MEBZU: *H NMR: (CDCI3. c in ppm) 


Hard segment 


— |cONH.Q.CH2-^NHCOO(CH2CH2CH2CH20)pj |cONH.^CH2.^NHCOOCH2CH2CH2CH20 


Pellethane® 90 (PT-90) 


CHJ 
I 


:ONH.^CH2-QnHCOO(CH2CH2CH2CH20)p| jcONH-^CH2.^NHCONHCH2CHNH 


TM-3® 

Figure 1 Chemical structure of the segmented polyurethane (SPU) used in this study. 
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Figure 2 Synthetic route of methacrylate having a urethane bond in the side chain (MU). 
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Figure 3 Chemical structure of MPC copolymers. 
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Abbreviation 

-(CH,),CH, 
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PMBBZU 
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1.85-1.90 (a-CHa. 3H). 3.44-3.45 (CHz-N. 2H). 3.95- 
4.05 (NCOO-CH2. 2H). 4.15-4.17 (CCOO-CHj. 2H) 
4.95^.98 (-NHCOO-. IH). 5.00-5.04 (-NCOCH2-. 
2HJ. 5.50-5.51 (C=CH. IH), G.00-6.03 (C=CH. iH). 
7.17-7.29 (CfiHs- SH): IR: (cm-M 3250-3350 
(-NHCOO-). 2800-3000 (CH2 and CHa). 1720 CC=0). 
1640 (C=CH2). 1600 (aromatic ring), 1580 (-NHCOO-). 
1100-1260 (-COO-); m.p. = 35"C (waxy .at room 
temperature"). MEPU: 'H NMR: (CDCI3. a in ppm) 
1.97 (a-CHa. 2H), 3.57-3.60 (CH2-N. 2H). 4.29-4.31 
{CCOO-CH2. 2H), 5,35 (-NHCOO-. IH). 5.61-5.62 
(C=CH. IH). 6.16 (C=CH. IH). 7.11-7.37 (CeHs-, 5H): 
IR: (cm-M 3280-3380 (-NHCOO-). 2800-3000 {-CH2- 
and -CHj). 1720 (C=0). 1640 (C=CH2). 1580 
(-NHCOO-). 1500 (aromatic ring). 1100-1260 (-COO-); 
m.p. = 110*C (108' C". 106" C"). 

Copolymerization 

The desired amounts of MPC. BMA and one of the MUs 
were placed in a glass ampoule, and the mixture was 
diluted with ethanol to 1 mo! 1"* of monomer concentra- 
tion. Into thi.s .solution, 2,2'-a7.obisisobutyronitrile 
(AlUN) was di.s.'^olvnd (1 mmol 1 '). Argon was bubbled 
into tlu; .solution lo displjicc! llu: oxygen, and tlicn tijc 
ampoule wa.s .scaled. Tim polyniorization was carried 
out at 00 C for n given period. After moling, the 


contents were poured into a large amount of a mixture of 
diethyl ether and iV.iV-dimethylformamide (DMF) (9/1 
by volume) to remove unreacted monomer and precipi- 
tate the polymer formed. The precipitate was filtered off 
and dried in vacuo. The structure of the copolymers 
obtained was confirmed by NMR. IR and elemental 
analysis. The mole fractidh of each component in the 
copolymer was determined from the results of 
phosphorus analysis for the MPC units and nitrogen 
analysis for both the MPC and MU units. The chemical 
structure of these copolymers and results of the copoly- 
merization are shown in Figure 3 and Table 1, respec- 
tively. 


Table 1 Synthesis of the MPC copolymer having a urethane 
bond in the side chain 


Abbrev. 

Mole fraction (MPC/BMA/X) 
in feed in copolymer 

Time' 
(h) 

Yield 
(%) 

(xlO*) 

PMB 

0.30/0.70/0.00 0.31/0-69/0.00 

15 

53.8 

4.7 

PMBBU 

0.30/0.60/0.10 0.36/0.53/0.11 

4 

40.8 

3.8 

PMBBZU 

0.30/0.60/0.10 0.26/0.63/0.09 

4 

55.6 

59 

PMBPU 

0.30/0.60/0.10 0.30/0. 5Q/0. 12 

2.5 

43.9 

4.1 


'tMonomer] m l.O mol I ' and lAlSNj** 1.0 mmol I ' in clhanol. Polymeriia- 
tion temperature > 60 C. 

'Veighi.avtraged molecular weight (Mw) was determined by CPC wiifi 
poiyfSil standard (eluent s DMFretet>anol 9( 111. 
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Preparation of polymer membrane and coating 
of the MFC copolymer 

The SPU membranes were prepared by a solvent 
evaporation technique. The PT-90 was dissolved in 
telrahydrohiran (THF) and a 10 wl% solution was 
prepared. The THF solution was spread on a Teflon*' 
plate, and the THF was evaporated at room tempera- 
ture. The membrane formed was dried under reduced 
pressure at 40° C to remove the residual solvent. The 
same procedure was applied to membrane processing 
of TM-3 using a 10 wl% solution in DMAc. The 
thickness of the membrane obtained was 300 pm. The 
MPC copolymer was dissolved in ethanol to make a 
0.5 wt% solution. The SPU membranes were 
immersed in the solution containing MPC copolymer 
for 1 min and dried overnight at room temperature to 
evaporate the solvent. After this procedure was 
repeated twice, the membrane was dried in vacuo at 
room temperature. The surface of the membrane 
coated with the MPC copolymers was analysed during 
X-ray photoelectron spectroscopy (XPS. Shimadzu 
ESCA-750. Kyoto. Japan). The take-off angle of the 
photoelectron was 60" and the elements detected were 
carbon (C„), nitrogen (Ni,). oxygen (0,J and 
phosphorus (Pzp)- 

Elution test of the MPC copolymer from the 
membrane^^ 

The SPU membranes coated with the MPC copolymer 
were punched out as discs (15 mm in diameter) and 
immersed in various solvents for 180 min to elute the 
MPC copolymer. The solvents for the elution test were 
distilled water, ethanol and 40 vol% aqueous ethanol 
solution. A specific amount of these solvents was 
taken out. and the amount of the MPC copolymer in 
the solvent was determined by phosphorus analysis. 
After the membrane was immersed in the solvent, the 
membrane was dried under reduced pressure lor 1 
day. and the surface was analysed by XPS to identify 
the MPC copolymers remaining on the surface. The bar 
graphs in Figure 4 represent the mean values of tripli- 
cate samples (db standard deviation) of the conditions. 
A comparative analysis was determined using the 
analysis of variance and Student's Mest. 

Blood contacting test 

The disc-shaped SPU membranes (15 mm in diameter) 
were placed into a 24-wel! culture plate and fixed with 
a silicone ring. To equilibrate the membrane surface, 1 
ml of phosphate-buffered solution (PBS. pH 7.4; ionic 
strength. 0.15 M) was added into each well and 
allowed to remain for 15 h. After removing the PBS. 1 
ml of platelet-rich plasma (PRP) was poured onto the 
membrane and allowed to remain at 37~C for a given 
time. The PRP was removed with an aspirator, and the 
membrane was rinsed three times with 1 ml of PBS. 
Then 1 ml of 2.5 vol% glutaraldehyde in PBS was 
poured into each well, and the materials were 
nuiinlninud at ruoiii iLMupurnturc for 'I li to fix ihu 
blood ct)n)(><)ncnts on . Iliu nujmbrnnu. After rinsing 
sufficiently with (iistillcd wati:r. thu ntcnihrant: was 
frcczc-dried. The surface of tlio nii!mhr<inc was 


observed by scanning electron microscopy (SEM. JEOL 
JSM-5400. Tokyo. Japan) following gold-sputtering on 
the membrane surface. 


RESULTS 

Preparation of MPC copolymers with a urethane 
bond in the side chain 

Three kinds of MUs were synthesized by the reaction 
between lEMA and the corresponding alcohols or 
phenol. The *H NMR and IR spectral data clearly show 
the chemical structure of these monomers (see Experi- 
mental Details section), and elemental analysis of the 
MUs corresponded to the calculated values. All the 
MUs synthesized could be dissolved in ethanol. DMF, 
chloroform and DMAc. Therefore, the MU was copoly- 
merized with MPC and BMA in ethanol as a solvent. 
The copolymerization proceeded homogeneously, and 
ternary copolymers were obtained. The composition of 
each monomer unit in the copolymer was almost the 
same as that in the feed. The copolymers obtained 
could be dissolved in ethanol and swollen in water but 
were insoluble in THF. DMF and DMAc. 

Surface characteristics of SPU membrane coated 
with MPC copolymer 

The coating of the copolymer on the SPU membrane 
was confirmed by XPS. The representative XPS charts 
of PT-90 alone and PT-90 coated with PMBBU are 
shown in Figure 5. The carbon peaks attributed to the 
C-O bond at 287 eV and the C=0 group at 288 eV 
showed clearly, and new peaks of nitrogen at '403 eV 
and phosphorus at 134 eV were observed after the 
PMBBU coating. After coating the surface of PT-90 
with PMBBZU or PMBPU, the new peaks attributed to 
the nitrogen and phosphorus were also observed. 

The ratio of the peak area of phosphorus to that of 
carbon (P/C) was calculated and is represented in 
Figure 4. The P/C value after immersion in water did 
not change significantly (P > 0.01) compared to the 
original value for every PT-90 coated with MPC copoly- 
mers. However, a significant decrease (P < 0.01) in the 
P/C values was found when the PT-90 coated with 
PMB which did not contain the MU unit was 
immersed in ethanol and aqueous ethanol solutions. 
The decrease in the P/C value was found in the case of 
the PMBPU coating: however, the decrease in .the P/C 
value was relatively small compared with the PMB 
coating case. When the surface of TM-3 coated with 
these MPC copolymers was analysed by XPS, there 
was no significant change in the P/C value after 
immersion in every solvent except for the PMB 
coaling. The amounts of the f^C copolymers eluted 
from the surface in every elution test were too small to 
be delected quantitatively, ^ 

Platelet adhesion on SPU coated with MPC 
copolymers 

Ft'^ures 6 and 7 show the SEM pictures of the surface of 
ihtJ original SPU membranes and those coated with the 
MPC copolymers after contact with PRP for 60 and 


Uiiiniiilrriiils ni'i't. Vol. li; N<i. 1 1 


Surface modUicalion o( SPUs: K. Ishihara et al. 


877 


MPC polymer c<»te<J 
on (he FT- 90 


•p<O.OI « coaCrol 


PMB 


.■:..;..;:;...x:::;x;;::;:.:^ ,: 

PMBBU r ' ALC.gC'. ' J.-C^^^^^^ J 


PMBBZU 


2lH 


PMBPU 


0.010 O.OZO 0.030 0.040 
P/C value 


Figure 4 The P/C values determined from the X-ray 
photoeleclron spectra of PT-90 coated with MPC copoty- 
mers before and after Immersion in various solvents. {■) 
Before immersion. After immersion in (H) water. (») 
ethanol. (G) 40% aqueous ethanol solution. 

180 min. On both original SPU membranes, a lot of 
platelets adhered. The number of platelets adhered on 
these SPUs increased with an increase in the contact 
periods. However, coating the MPC copolymers 
effectively reduced the number of adherent platelets 
even when the contact time was increased to 180 min. 
Moreover, the shape change in the adherent platelets 
was also suppressed by the MPC copolymer coating 
even after 180 min contact. On the surface of PT-90 
coaled wilh PMBPU, the platelets were observed to 
adhere in patches without aggregation after 180 min 
contact wilh PRP, In the case of TM-3. a difference in 
the platelet adhesion-resistant properties between the 
coated MPC copolymers could not be observed. 


DISCUSSION 

In the biomedical field. SPUs have been used widely 
because of their excellent mechanical properties'. The 
SPUs assume a so-called *microdomain structure'; that 
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is. hard segments interact with each other through 
hydrogen bonds and aggregate in the domains of the 
soft segments. Some investigators have reported that 
the SPUs have good blood compatibility such as the 
reduction of blood cell adhesion due to their microdo- 
main structure^ However, the amount of proteins 
adsorbed on the SPU surface was extremely large and 
cells adhered on the surface. 

Our previous articles reported the syntheses of 
biomedical polymers having phospholipid polar 
groups, MPC copolymers, and evaluation of the blood 
compatibility with attention to cell adhesion and 
protein adsorption in vitro""". We found that 
poly(MPC-co-BMA) could suppress platelet adhesion 
and activation even in contact with human whole ^ 
blood in the absence of an anticoagulant^. The results 
could be explained by reduction of the amount of % 
protein adsorbed by the poly(MPC-co-BMA). We have 2. 
suggested that poly(MPC-co-BMA) is used as a coating ^ 
material. The SPUs are generally used under loading z 
conditions of continuous stress and deformation, o' 
Therefore, it is necessary to immobilize the coating £». 
polymer on the surface to prevent detachment. ^ 
Although many attempts were made to modify the S 
SPU surface with chemical substances which included ^ 
polymeric materials, most of these substances were ^ 
bonded covalently"''°. However, chemical modifica- S, 
tion of the SPU surface is not possible after fabrication g- 
of medical devices. We considered that if a urethane 5. 
bond were introduced into the polymer, especially in ^ 
the side chain, the polymer would have affinity for the S; 
SPU through hydrogen bonding. Therefore, the MUs 3. 
were synthesized and copolymerized with MPC and *§ 
. BM A.. Although. some MUs have been reported in the 
literature and used as photo- or electron-resist materi- =^ 
als, they have not been used as biomalerials^^"". The 
copolymerization of these monomers in ethanol 
proceeded well, and the mole fraction of each 
monomer unit in the copolymer obtained _ 
corresponded closely to that in the feed. The reactivity 
of these monomers was considered to be almost the « 
same because the monomers were basically derivatives o- 
of ethyl methacrylale. Thus, it is very easy to obtain a c 
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suitable MFC copolymer having a urelhane bond in the 
side chain. 

Previous reports on the blood compalibility of the 
MPC copolymers indicated that more than 0.25 MPC 
mole fraction in the copolymer was necessary to 
obtain satisfactory platelet adhesion- and protein 
adsorption-resistant properties^-''-*^"^^ The MPC 
copolymers became hydrated when they were 
immersed in water but did not dissolve in water^^. The 
MU units were expected to act as an anchor to the 


hard segment located at tlie surface of the SPU 
membrane. It is considered that the immobilization of 
hydrated MPC copolymer can be achieved with a 
simple coating. In fact, an elution test revealed the 
effectiveness of the urethane bond in the side chain. 
The elution of the PMB occurred easily when the .SPU 
membrane coated with PMB was immersed in a 
solvent containing ethanol. On the contrary. PMBBU 
and PMBBZU hardly detach even when the SPU 
membrane coated with these MPC copolymers is 


CO 

E 

CD 

& 

o 

O 


ET, 

E 

o. 
G. 

<D 

Ol 

5' 


I 

3 
1 

a 


c 

CO 

o 

i 


Contact time 
(min) 


60 


180 



PT-90 

Original niembrane 


PMBBU 


PMBBZU 


PMBPU 


Figure 6 Micrographs of original PT-90 and that coated with MPC copolymers after contact with platelet-rich plasma for 60 
and 180 min. 
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immersed in ethanol. which is a good solvent for the 
MPC copolymers. 

The platelet adhesion of the SPUs was effectively 
suppressed after coating with the MPC copolymers and 
did not depend on the contact period up to 180 min. 
This finding indicated that the MU residues did not 
show any adverse effects on the platelet adhesion- 
resistant property of the MPC copolymer. In the case of 
the SPUs coated with PMBPU. the P/C value slightly 
decreased on immersion in a solvent containing 
ethanol. indicating elution of the PMBPU from the 
membrane, A slight difference in the platelet adhesion- 
resistant property could be observed; that is. the 
platelets adhered in patches compared with other MPC 
copolymers. Therefore, the platelet adhesion was 
considered to correspond to partial detachment of the 
PMBPU from the PT-90 surface. 

Based these observations, it is concluded that the 
MPC copolymers having MU units are useful materials 
for improving the surface blood compatibility of the 
SPU by a simple coating method using ethanol 
solutions. The blood compatibility of the SPU 
membranes coated with the MPC copolymers under 
continuous stress are now being tested, and the results 
will be reported in the near future. 
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Control of contact activation on end-point immobilized 
heparin: The role of antithrombin and the specific 
antithrombin-binding sequence 


J. Sanchez/ G. Elgue,* J. Riesenfeld/ and P. Olsson^'* 

^Division of Experimental Surgery, Department of Surgery , KaroUnska Hospital, Stockholm; ^Carmeda AB, 
Stoddtolm, Sweden 


The uptake and activation of FXII from blood plasma was 
studied in small-diameter polyethylene tubing, surface- 
modified by end-point immobiliMtion of heparin. Two 
preparations of heparin were used to modify the contact- 
activating properties of the plastic tubing: unfractionated, 
functionally active heparin and low-affmity heparin, lack- 
ing the specific antithrombin-binding sequence and virtu- 
ally devoid of anticoagulant activity. The uptakes of FXII on 
the two heparin surfaces were similar. No activated FXII 
could be demonstrated on the unfractionated heparin sur- 
face, whereas on the low-affinity heparin surface nearly all 
FXII underwent spontaneous activation. The suppression 
of FXII activation on the unfractionated heparin surface was 
investigated by using plasma depleted of antithrombin. 


complement CI esterase inhibitor, or both. The removal of 
antithrombin resulted in extensive activation of FXII, 
whereas the depletion of CI esterase inhibitor had only a 
minor effect. Experiments with recaldfied plasma showed 
rapid clot formation during exposure to the low-affiiuty 
heparin surface. After depletion of antithrombin, but not 
complement CI esterase iiUubitor, the recalcified plasma 
clotted in contact with the unfractionated heparin surface 
as well. We conclude that antithrombin and the antithrom- 
bin-binding sequence in the surface-immobilized heparin 
are essential for the prevention of surface activation of FXII 
and triggering of the intrinsic coagulation; system. © 1995 
John WUey & Sons, Inc. 


INTRODUCTION 

Exposure of blood to foreign materials or tissues 
other than the natural endothelial lining of the vas- 
cular wall activates the plasma contact system, which 
includes the proenzymes coagulation factor XII 
(FXII), prokallikrein, coagulation factor XI (FXI), and 
the high-molecular- weight kininogen cofactor/ The 
contact system may represent a key function in blood 
as it appears to be involved in the triggering mecha- 
nisms of several defense systems, including the co- 
agulation, kallikrein, fibrinolytic, and complement 
systems.^ 

Artificial materials and, in particular, negatively 
charged surfaces cause activation of the contact sys- 
tem.^ The development of foreign surfaces that do 
not provoke activation of the contact system therefore 
represents a major challenge in the field of biomate- 
rials. Surfaces modified with end-point immobilized 

•To whom correspondence should be addressed at Divi- 
sion of Experimental Surgery, Thoracic Clinics, KaroUnska 
Hospital, S-171 76 Stockholm, Sweden. 


heparin, contrary to negatively charged materials in 
general, have shown a remarkable blood compatibil- 
ity, despite the negative -charge density of the hepa- 
rin molecules.^^ These surfaces effectively inhibit co- 
agulation factor Xa (FXa) and thrombin by an an- 
tithrombin-dependent mechanism similar to that 
established for heparin in the fluid phase.^'^ In a 
more recent study, the activation of FXII on a plasma- 
exposed heparin surface was also slwwn to be 
strongly suppressed and the reduced contact activa- 
tion was demonstrated to be dependent on the high- 
affinity antithrombin-binding sequence in the inuno- 
bilized heparin.® 

A central role in the natural regulation of activated 
FXII and kallikrein activity in plasma has .been attrib- 
uted to the serine proteinase inhibitor, complement 
CI esterase inhibitor, although otj-nuicroglobulin and 
aj-antiplasmin as well as antithrombin have also 
been shown to contribute to a limited extent.' The 
aim of the present investigation was to clarify the 
functional roles of antithrombin and complement CI 
esterase inhibitor for the suppression of contact acti- 
vation, and hence for the thromboresistant properties 
of the heparin surface. 


Journal of Biomedical Materials Research, Vol. 29, 655>661 (1995) 
® 1995 John Wiley & Sons, Inc. 
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The shidy was performed using normal plasma 
and plasma preparations artificially depleted of an- 
tithrombin or complement Cl esterase inhibitor, or 
both, and heparin surfaces with or without the spe- 
cific antithrombin-binding sequence. 


MATERIALS 

Antithrombin, of human origin for clinical use, 
with a specific activity of 6.1 lU/mg protein, was ob- 
tained from Pharmacia (Stockholm, Sweden). The ly- 
ophilized powder was dissolved in water to a stock 
concentration of 50 lU/ml and the solution was stored 
at -70°C in 0.3-mI aliquots. 

Factor Xa (FXa), of bovine origin (Chromogenix, 
Molndal, Sweden), was dissolved in water to an ac- 
tivity of 0.67 nkat/ml (pH 7.4). 

Synthetic peptide chromogenic substrates for FXa 
(S-2765), kallikrein (S-2302) from Chromogenbc, were 
dissolved in water to a final concentration of 0.9 
mmoI/L and 2.5 mmol/L, respectively, and stored in 
the dark at 4*'C. 

Thrombin-antithrombin complex assay kit, Enzyg- 
nost-TAT, a sandwich enzyme immune assay, was 
purchased from Behringwerke (Marburg, Germany). 

Complement Cl esterase inhibitor assay kit, immu- 
nochrom complement Cl esterase inhibitor reagent 
kit, a functional complement Cl esterase inhibition 
assay, was purchased from Immuno AG (Vienna, 
Austria). 

Cephotest, an aqueous suspension of phospholipid 
(cephalin) and ellagic acid, was purchased from Ny- 
coMed A/S (Oslo, Norway). 

r-Hirudin, supplied by Pentapharm (Basel, Swit- 
zerland) had a specific activity > 10,000 antithrombin 
units/mg protein. The lyophilized powder was dis- 
solved in water to 4000 U/ml. 

Popcorn inhibitor, used as a specific inhibitor of 
pFXIIa,^® was purchased from Unicorn Diagnostics 
Ltd. (London, UK). The inhibitor was reconstituted 
in distilled water to a concentration of 4 ^.moI/L, dis- 
pensed in 200-H.l aliquots and stored at -70''C. 

Soybean trypsin inhibitor, type I-S, specific for kal- 
likrein" was supplied by the Sigma Chemical Com- 
pany (St. Louis, MO). A 5-M.mol/L solution was pre- 
pared in water and stored at — 70*C. 

Trasylol (aprotinin) was supplied by Bayer (Le- 
verkusen, Germany), and 500,000 KIE were diluted in 
50 ml NaCl 0.15 mol/L. 

Venous blood from 20 normal healthy donors was 
drawn into 0.13 mol/L sodium" citrate solution (9 vol 
+ 1 vol) and centrifuged at room temperature for 20 
min at 3000 x ^ to obtain platelet-poor plasma. 
Pooled platelet-poor plasma was dialyzed against 50 
mmol/L Tris-HCl buffer, pH 7.4, containing 0.1 mol/L 


NaCI and 1.0 mmol/L Naj-EDTA to remove trisodium 
citrate,^^ dispensed in small aliquots, and stored at 
-7ff'C. 

Human factor XII (FXII)-defident plasma and hu- 
man-prokallikrein-deficient plasma were obtained 
from Helena Laboratories (Beaumont, TX). 

Antibodies against human antithrombin and hu- 
man complement Cl esterase inhibitor, purified im- 
munoglobulin fraction of rabbit antiserum, were pur- 
chased from Dako (Glostrup, Denmark). 

CNBr-activated Sepharose 4B was purchased from 
Pharmacia. The antibodies against antithrombin and 
complement Cl esterase inhibitor were coupled ac- 
cording to the manufacturer's instructions. The sub- 
stituted gels contained approximately 10 mg/ml of the 
respective antibodies, measured as absorbance at 280 
nm [A280I of the antibody solutions at the beginning 
and end of the coupling reaction. 

Polyethylene tubing (Portex, Hythe, UK) with an 
inner diameter of 1.0 mm was surface-modified by. 
covalent end-point immobilization of heparin as pre- 
viously described.^ Briefly, heparin was partially de- 
polymerized by reaction with nitrous acid, yielding 
anhydromannose units with free aldehyde functions 
at the new reducing termini. The partially depoly- 
merized heparin was coupled by reductive amination 
to free amino groups in polyethylene imine, adsorbed 
to the plastic surface. The resulting surface density of 
heparin is about 2 jtg/cm^*^ with an antithrombin- 
binding capacity in the range of 18-22 pmol/cm^. Ap- 
proximately 5 pmol/cm^ correspond to high-affinity 
antithrombin-binding sites, the remainder represent- 
ing sites with lower affiiuty for antithrombin.^^ In the 
following text, this surface is called the unfractionated 
heparin surface. 

For the preparation of low-affinity hqparin surfaces, 
the partially depolymerized polysaccharide was frac- 
tionated on a column of antithrombin-Sepharose to 
remove all antithrombin-binding heparin. Material 
that did not bind to the immobilized anhthrombin at 
an NaQ concentration of 0.25 mol/L (in 50 mmol/L 
Tris-HCl, pH 7.4) was considered to be low-affinity 
heparin, and was immobilized as described above. 
The low-affinity heparin surface bound no measur- 
able amounts of antithrombin. , 

We also used two buffers: 50 mmol/L Tris-HQ, pH 
7,4, contaiiung NaQ to a final ionic strength of 0.15, 
polyethylene glycol (PEG 6000) 0.2%^ and human se- 
rum albumin (HSA) 0.5%; and for assay buffer, 50 
mmoI/L Tris-HCl 0.14 moI/L NaCl, pH 7.8, was used 
in FXII and activated FXII (FXIIa) determinations. 


METHODS 

Antithrombin was determined by an FXa inhibition 
assay as described previously. Thrombin-anti- 
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thrombin complex and complement Cl esterase in- 
hibitor concentrations in plasma were determined us- 
ing commercial kits,^*'^^ 

For depletion of antithrombin and complement Cl 
esterase inhibitor in plasma, 40-irU portions of dia- 
lyzed platelet-poor plasma or FXII-deficient plasma 
were passed at 4''C through 17-ml columns of anti- 
body-substituted gels, either anti-antithrombin Seph- 
arose 4B or anti-complement Cl esterase inhibitor 
.Sepharose 4B, equilibrated in 0.15 mol/L NaQ, pH 
7.4. Fractions of 5 ml were collected and assayed for 
the respective inhibitor, spontaneous proteolytic ac- 
tivity against and protein concentration 
[Ajsol- Fractions containing <0.005 antithrombin 
U/ml or complement Cl esterase inhibitor below 2% 
of normal concentration and exhibiting no measur- 
able spontaneous proteolytic activity were pooled 
and stored at -7(rC. The protein content was 80% of 
that of the native plasma. The antithrombin-depleted 
plasma had a normal content of complement Cl es- 
terase inhibitor and the complement Cl esterase in- 
hibitor-depleted plasma was normal with regard to 
antithrombin. Antithrombin-depleted plasma was 
further depleted of complement Cl esterase inhibitor 
by passage through the anti-complement Cl esterase 
inhibitor column as described before, yielding a prep- 
aration lacking both inhibitors with a protein content 
of 70% of that of the original plasma. The antithrom- 
bin-depleted plasma and complement Cl esterase in- 
hibitor-depleted plasma were assayed for coagulation 
factors XII, XI, X, IX, VIII, V, and prothrombin, as 
well as for a2-macroglobulin and a^-antiplasmin by 
routine clinical methods, and were found to be within 
the normal range, even when the dilution factor was 
disregarded. 


EXPERIMENTAL PROCEDURE 

Prior to use, 60-cm segments of heparinized tubing 
(vol, 0.47 ml) were extensively rinsed to remove non- 
specifically bound heparin and assayed to confirm 
that no further release of heparin during exposure to 
plasma occurred 7** Adsorption of FXII from dialyzed 
plasma and assays for surface-bound activities were 
performed by incubating the tubing segments as 
closed loops with 200 pA of plasma or the specified 
reagents on a rotating slanted table turn for 15 min at 
a flow velocity of 330 cm/min. 

Surface-bound total FXII (FXII + activated FXII) 
was measured as previously described.^ In short, fol- 
lowing incubation with plasma, the tubing segments 
were rinsed with 5 ml Tris-buffer and then exposed to 
a mixture of the FXII activator Cephotest (200 p-l), 
FXII-deficient plasma contributing the FXIIa substrate 
prokallikrein (10 and assay buffer (20 p.!). The 
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reaction mixture was transferred to a test tube and o 
kallikrein activity was immediately quantified by ad- 
dition of the chromogenic substrate S-2302. The sub- ^ 
strate reaction was terminated after 5 min by the ad- <g 
dition of citric add, and the absorbance at 405 nm was s 
read. Selective determination of surface-bound spon- ^ 
taneously activated FXII was performed by replacing -S. 
Cephotest by assay buffer in the reagent mixture. S. 
S-2302 to some extent crossreacts with other plasma 3 
proteinases,^® but because substrate hydrolysis was ^ 
always abolished by addition of the kallikrein-specific g 
iivhibitor soybean trypsin ir\hibitor to the assay mix- = 
ture, the absorbance readings were regarded to re- 
fleet only kallikrein activity. g 
The surface-exposed plasma aliquots were imme- g 
diately assayed for kallikrein activity as follows: 20 |i.l ^ 
of the exposed plasma, was incubated with 200 p-l as- K, 
say buffer and 200 \d S-2302 at 3TC for 5 min. The f 
reaction was stopped with citric acid and A405 was c: 
read. The data were corrected for the absorbance of S 
reagent blanks. Nonparametric Mann-Whitney tests *5 
were used to compare groups. s 

q: 

=) 

<D 

RESULTS 

-2: 

Essentially sinular quantities of total FXII were -g 
taken up by the unfractionated heparin and low- .5" 
affinity heparin surfaces during exposure to normal 
plasma, as seen from the kallikrein activities gener- 3 
ated in the subsequent enzymatic assay (Fig. lA). In 
agreement with previous results,® only mirumal ac- «> 
tivity corresponding to spontaneously activated FXU 3. 
could be detected on the unfractionated heparin sur- o 
face, whereas virtually aU FXII had been converted to S. 
an active enzyme on the low-affinity heparin surface. 
If the heparin surfaces were exposed to plasma defi- o> 
cient in either FXII or prokallikrein instead of normal o 
plasma, no activities above background could be:^ 
monitored (not shown). The activities studied thus <§; 
clearly originated from the plasma contact factors. — 
The uptake and activation of FXII on the unfrac- ^ 
tionated heparin surface were then: studied with 
plasma preparations depleted of antithrombin 01 
complement Cl esterase inhibitor, or both. Assays 
were performed with FXII-deficjent substrate plasma 
lacking the same inhibitors. Incubation of the unfrac- 
tionated heparin surface with antithrombin-depleted 
plasma showed substantial activation of the surface- 
associated FXII, as in the results obtained with the 
low-affinity heparin surface exposed to normal 
plasma. If the assay was instead carried out with sub- 
strata .plasma containing antithrombin, no enzymatic 
. activity, was observed on the unfractionated heparin 
surface (Fig. IB). In the absence of complement Cl 
esterase inhibitor, the recovery of total surface-bound 
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Figure 1. Surface-bound total FXII and enzymatically ac- 
tive FXII on the unfractionated heparin surface and the low- 
affinity heparin surface following incubation with normal 
plasma or inhibitor-depleted plasma. The data are pre- 
sented in box plots (StatView«, Apple). The symbols indi- 
cate (beginning from below): circle, lower extreme; horizon- 
tal line, 10th percentile; bottom of box, lower quartile; line 
inside box, median; top of box, upper quartile; horizontal 
line, 90th percentile; and circle, upper extreme. Each box 
represents sue observations. A: the unfractionated heparin 
and low-affinity heparin surfaces after exposure to normal 
plasma. 1: Total FXII on the unfractionated heparin surface; 
2: spontaneously activated FXU on the unfractionated hep- 
ann surface; 3: total FXH on the low affmity-heparin sur- 
face; 4: spontaneously activated FXII on the low-affinity 
hepann surface. B: The unfractionated heparin surface after 
exposure to anlithrombin-depleted plasma. 1: Total FXII 
assayed with antithrombin-depleted substrate plasma; 2- 
spontaneously activated FXII assayed with antithrombin- 
depleted substrate plasma; 3: spontaneously activated FXII 
assayed with substrate plasma containing antithrombin. C: 
Ine unfractionated heparin surface after exposure to com- 
plement CI esterase inhibitor-depleted plasma. 1: Total 
FXII assayed with complement CI esterase inhibitor- 
depleted substrate plasma; 2: spontaneously activated FXU 
assayed with complement CI esterase inhibitor-depleted 
substrate plasma; 3: spontaneously activated FXII assayed 
with substrate plasma containing complement CI esterase 
inhibitor. 


depleted plasma reconstituted with purified an- 
tithrombin to defined levels. The subsequent assay 
procedure was performed with antithrombin-free 
substrate plasma. As shown in Figure 2, the recovery 
of total FXII on the surface after exposure to plasma 
was largely independent of the antithrombin concen- 
trations. The fraction of spontaneously activated 
FXII, on the other hand, decreased dramatically with 
increasing antithrombin concentrations, reaching a 
steady background level at slightly above 10% of the 
normal concentration. 

Normal plasma was remarkably unaffected by ex- 
posure to the unfractionated heparin surface, 
whereas incubation vAth the low-affinity heparin sur- 
face caused substantial activation (Fig. 3A and B). 
Plasma lacking either antithrombin or complement 
CI esterase inhibitor and, in particular, plasma de- 
void of both iiihibitors were activated in contact with 
the unfractionated heparin surface. The contribution 
of activated FXII to these activities was visualized by 
their varying susceptibilities to popcorn inhibitor, 
specific for pFXIIa^° (Fig. 3C-E). 

We studied the effect of the two heparin surfaces 
on the entire plasma coagulation system by circulat- 
ing aliquots of recalcified plasma (20 yA of 1 mol/L 
CaCl2 per ml plasma) in the rotating loops. Clotting 
times were determined and thrombin generation was 
measured as thrombin-anti thrombin complex forma- 
tion.*^ Normal plasma in contact with the low-affinity 
heparin surface clotted after about 12 min, and there 
was substantial thrombin generation in aliquots sam- 
pled shortly before clotting. Antithrombin-depleted 
plasma exposed to the unfractionated heparin surface 
had a similar dotting time, but for obvious reasons 
thrombin-antithrombin complex detenninations were 
not meaningful. Normal plasma and complement CI 
esterase inhibitor-depleted plasma showed insignifi- 
cant thrombin activation and no sign of dotting dur- 


FXII was somewhat lower than in the preceding ex- 
periment (Fig. IQ. The fraction of activated FXII was 
considerably lower than with antithrombin-depleted 
plasma, but higher than with normal plasma. The 
presence of complement Cl esterase inhibitor in the 
substrate plasma quenched this small yield of active 
FXII (P < .05). When both inhibitors had been re- 
moved from the experimental system, the outcome 
was the same as when antithrombin only was lacking 
(not shown). The results clearly demonstrate that an- 
tithrombin and the immobilized functionally active 
heparin molecules are essential components of the 
control FXII activation on the unfractionated heparin 
surface. 

The concentration of antithrombin required to sup- 
press spontaneous FXII activation on the unfraction- 
ated heparin surface was studied using antithrombin- 
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Figure 2. Total FXII and spontaneously activated FXII on 
the unfractionated heparin surface after exposure to an- 
tithrombin-depleted plasma reconstituted with purified an- 
tithrombin in different concentrations. Open squares indi- 
cate total FXII, solid squares spontaneously activated FXII. 
Mean and SD, n » 6. 
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Figure 3. Enzymatic activity in normal plasma and in in- 
hibitor-depleted plasma samples after incubation in contact 
with the unfractionated heparin surface or the low-affinity 
heparin surface for 60 min. Measurements were made in 
the absence (boxes on left) or in the presence of the pFXIIa- 
spedfic inhibitor popcorn inhibitor (l?oxes on right) and the 
kaliikrein inhibitor soybean trypsin inhibitor (see below). 
Box plot (for symbols, see Fig. 1). A: Normal plasma ex- 
posed to the unfractionated heparin surface. B: Normal 
plasma exposed to the low-affinity heparin surface. C: An- 
tithrombin-depleted plasma exposed to the unfractionated 
heparin surface. D: Complement CI esterase inhibitor- 
depleted plasma exposed to the unfractionated heparin sur- 
face. E: Antithrombin- and complement CI esterase inhib- 
itor-depleted plasma exposed to the unfractionated heparin 
surface- The hatched horizontal lines represent the 90% 
confidence intervals for all results obtained in the presence 
of soybean trypsin inhibitor (n = 24). The concentrations of 
soybean trypsin inhibitor and popcorn inhibitor were 5 and 
4 lunol/L, respectively, corresponding to > 100-fold excess 
over FXn and prokallikrein concentrations in the incubation 
mixtures.***'^* -I- , The activity in plasma analysed prior to 
surface exposure. The slightly increased absoibance ob- 
tained in the presence of soybean trypsin inhibitor, and 
also after addition of aprotinin (not shown), was regarded 
as a nonspedfically enhanced background. 

ing 60 min exposure to the unfractionated heparin 
surface (Table I). The plasma samples that never clot- 
ted in contact with the heparin surface were trans- 
ferred to polystyrene tubes and found to have dot- 
ting times similar that of the original recalcified 
plasma. Experiments with the unfractionated heparin 
surface and antithrombin-depleted plasma reconsti- 


659 


tuted with increasing amounts of purified antithrom- 
bin showed that clotting ceased at about the same 
antithrombin concentration as did the spontaneous 
activation of FXII (cf. Fig. 2 and Table I), 
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DISCUSSION 

A common trend in the field of blood compatibility 
of artificial materials has been to strive for materials 
that reduce the activation of the defense systems in 
blood by controlling the composition and structure of 
plasma proteins adsorbed to the surface, e.g., by se- 
lective uptake of albumin. The present approach was 
instead designed to find out how functionally active 
heparin immobilized on an artificial surface can ac- 
tively support the natural control mechanisms in 
blood to prevent unwanted and uncontrolled activa- 
tion of the contact system. 

Adsorption of the complex of contact activation fac- 
tors in plasma (FXII, prokallikrein, FXI, and high- 
molecular-weight kininogen) to foreign surfaces re- 
sults in an activation process. Initially, surface- 
adsorbed FXII is converted to enzymatically active 
aFXIIa, which activates prokallikrein, further FXII, 
FXI, and, in a calcium-dependent manner, the in- 
trinsic coagulation system.^ Qeavage of surface ad- 
sorbed aFXIIa by kaliikrein leads to formation of a 
fragment, pFXIIa containing the active site, which is 
released into the liquid phase. pFXIIa activates 
prokallikrein with concomitant activation of further 
FXII," 

Because of the abundance of sulphate groups, hep- 
arin surfaces are negatively charged, as is easily vi- 
sualized from their wetting properties. Since nega- 
tively charged materials in particular are known to 
activate FXII, it may appear contradictory that activa- 
tion of FXII was observed on only the low-affiruty 


TABLE I 

Clotting Times and Thrombin Generation Measured as Thrombin- Antithrombin Complex Formation in Recalcified 

Plasma Exposed to Heparin Surfaces 
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Antithrombin 


Qotting Time (min) 


Thrombin 
Generation 
(pmol/ml) 


Low-affinity heparin surface 
Unfi-actionated heparin surface 


100% 
0% 

1.5% (42 pmol/ml) 

3% (84 pmol/ml) 

6% (170 pmol/ml) 
12% (340 pmol/ml) 
100% (2800 pmol/ml) 
100% Cl-lNH-depIeted plasma 


12 ± 2 (n « 6) 
12 ± 1.3 (n = 6) 
14.5 ± 0.5 (n - 6) 
23.5 a: 1.5 (n « 6) 
42.0 ± 5-0 (n = 6) 
>60 (n = 6) 
>60 (« = 6) 
>60 (n = 6) 


39.2 ± 63* 

ND 

ND 

ND 
0.17 ± 0.14 
0.11 ± 0.03 
0.14 0.04 


The preparations studied included normal plasma, antithrombin-depleted.plasma reconstituted with purified antithrom- 
bin in different concentrations, and complement CI esterase -inhibitor-depleted plasma. The background level of the 
thrombin-antithrombin complex in the plasma fractions was 0.02-0.03 pmol/ml. ND, Not determined. 

'Measurements of plasma recovered from separate loops at 11 min. 
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heparin surface. The results obtained after removal of 
antithrombin from plasma, however, showed as ex- 
tensive FXII activation on the unfractionated heparin 
surface as on the low-affinity heparin surface at nor- 
mal inhibitor concentration. Obviously the suppres- 
sion of FXII activation on the heparin surface is based 
on the concerted action of two critical factors: an- 
tithrombin in plasma and the biologically active hep- 
arin molecule on the surface. Moreover, our previous 
finding that extensive FXII activation occurred on the 
low-affinity heparin surface even after the addition of. 
heparin to the surface-exposed plasma dearly shows 
that the heparin molecule must be surface- 
immobilized to prevent contact activation.® 

Complement Cl esterase inhibitor has been shown 
to be a major inhibitor of plasma pFXIIa and kal- 
likrein,"-^* Indeed, plasma lacking this inhibitor ex- 
hibited substantial enzymatic activity after exposure 
to the unfractionated heparin surface. A similar de- 
gree of activation was found in antithrombin- 
depleted plasma. These plasma activities, however, 
probably have evolved by different mechanisms. In 
plasma lacking complement Cl esterase inhibitor, the 
control of the activation process in the liquid -phase 
would seem to be impaired, allowing the propagation 
of activity spontaneously generated in plasma or orig- 
inating from a possible minute activation on the sur- 
face. In the absence of antithrombin, there is exten- 
sive activation on the surface, and the activity trans- 
mitted into the fluid phase may well exceed the 
inhibitory capacity of complement Cl esterase inhib- 
itor and the other inhibitors in plasma. The high ac- 
tivity in plasma depleted of both inhibitors— i.e., 
lacking control of activation both on the surface and 
in the Uquid phase— is perfectly in line with this as- 
sumption. In addition, complement Cl esterase in- 
hibitor seems to have a minor but measurable effect 
on the suppression of FXII activation on the unfrac- 
tionated heparin surface, as seen in Figure IC. 

Despite similar degrees of activation in samples of 
antithrombin-depleted plasma and compleihent Cl 
esterase inhibitor-depleted plasma after exposure to 
the unfractionated-heparin surface, only the former 
clotted, confirming a poor activating potential of 
PFXlIa toward FXI and the intrinsic coagulation sys- 
tem.* Hence the triggering of the coagulation cas- 
cade in the present experimental system must be 
linked to the extensive generation of surface associ- 
ated aFXIIa. This conclusion is supported by the re- 
sults obtained with the low-affinity heparin surface, 
and is also in accord with the mechanism sueeested 
by Pixley et al." 

The results show that contact activation and clot 
formation on the unfractionated heparin surface 
ceased at about the same, surprisingly low antithrom- 
bm concentration. Thrombin generation in the un- 
clotted recalcified surface-exposed plasma samples. 


measured as thrombin-antithrombin complex,^ was 
insignificant. Apparently the major inhibitory' effect 
of the unfractionated heparin surface toward the co- 
agulation enzyme system is not directed against 
thrombin, but rather at a stage preceding prothrom- 
bin activation. Antithrombin taken up on the immo- 
bilized high-affinity antithrombin-binding heparin 
sequences mediates rapid inhibition of FXa and 
thrombin,*'^ and aFXIIa may well be under the con- 
trol of a similar mecharusm. If so, FXII molecules ad- 
sorbed to the unfractionated heparin surface may in- 
deed be converted to aFXIIa, but are instantaneously 
neutralized by heparin-bound antithrombin, present 
in an activated form and at a very high local concen- 
tration. The subsequent amplification of the contact 
activation process via kallikrein generation and feed- 
back activation of further FXII would thereby be ef- 
fectively blocked. It is tempting to suggest that the 
suppressed FXII activation described in the present 
report represents a main component not only of the 
thromboresistant properties of the unfractionated 
heparin surface but also of its antifibrinolytic proper- 
ties and possibly its compatibility with the comple- 
ment system described in experimental as well as 
in clinical lepoTts.*-^-^'^^ Heparin in plasma has an 
insignificant effect on activated FXII, although the 
susceptibility of a- and pFXIIa to heparin-anti- 
thrombin has been described in purified systems.'-^^ 
Obviously, the potent suppression of the activation 
mechanism for surface-absorbed FXII and of the con- 
tact activation process in plasma is a property unique 
to surface-immobilized, functionally active heparin. 

The heparan sulphate of the endothelial lining, 
with a structure dosely related to that of heparin, 
exposes antithrombin-binding sequences to the circu- 
lating blood.^ The present results obtained with hep- 
arin immobilized on an artifidal surface thus may il- 
lustrate an essential function of the endothelial, 
heparan sulphate for the control of contact activation 
on the intact vascular wall. 

This study was supported by grants from the Swedish 
Board for Industrial and Technical Development and the 
Karolinska Institute. 
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Kepariixoated stents could radically cut costs. Davfd Rm 
•eports on this and other developments presented In Amsterdam. 



Heparirxoated stents couM radically 
reduce me cost of stenting, pavirtg the 
way for more widespread use. Hospital 
stay was cut from 8.5 days to 3.1 as a 
result ot lower complications in a pilot 
Study of Johnson & Johnson 
Interventional Systems' polyamine- 
heparirv-coated Paimaz-Schatz stenL 
Data from the Benesteni (I pilot study 
confirm the theory that heparin 
coatings can eliminate the need for 
anticoagulation which in turn reduces 
bleeding complications - one of the 
biggest problems for stent patients. 
With lower complications there are 
fewer transfusions and less surgery: 
hospital s*^ can be reduced. 
Professor Patrick Serruys. professor 
of interventional cardiology and 
director of the catheterisation 
laboratory at the Thoraxcenter, 
Rotterdam, presented the pilot data 
at the annual congress of the 
European Society of Cardiology 
(Amsterdam. August 20tn-24th). 
The Benestent II pilot study 
comprised three initial phases, where 
resumption of heparin therapy after 
sheath removal was postponed 
progressively by six. 12 and 36 
hours. In Phase IV, Coumadin and 
heparin were replaced by antiplatelet 
agents, ticlopidine and aspirin. • 
procedural heparin was administered 
according to activated coagulation 
times. Sub-acute thrombosis did not 
occur in any patient, despite the 
change in drug regimen. The overall 
clinical success rate was 99%. 
compared with 93% in Benestent I. 
Three-month event-free sun/tval was 
86%. compared with 80% for current 
stenting practices and 70% for 
balloon angioplasty. 
Prof Serruys said better technique 
arvl patient selection also contributed 
to the improvement in outcome in the 
pilot study. In particular the greater 


post*procedural minimum luminal 
diameter <Mt.O) is due to routine hiph 
pressure b^loon inflation. 
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Data from Benestent I put the cost of 
stenting including subsequent 
complications at about Fl 20.000 
(S32.000) compared with R 10,000 
for FTCA, said Or Ben van Kout of tne 
institute for Medical Technology 
Assessment at Erasmus University. 
Rotterdam. The decrease in ischaemic 
events during the first year contributed 
a saving of about Fl 1.500. which 
brings the additional cost of stenting 
to about Fl 8.500. The increase'ln 
event-free sun-ival is about 11% in the 
first year, which represents an 
additional cost of H 77.500 per event- 
free survivor 'Much higher than the 
corresponding costs per event-free 
survivor following PTCA.* said Or van 
Hout. 

However, the data are based on vejy 
limited information. They are drawn 
from ex ante analysis, without direct 
data, indirect costs or information 
about healthcare outside the confines 
of the trial. No account has been 
taken of quality of life or the additiorral 
costs to society, such as absence 
from worlc Most notably the results do 
not Uke account of advancing stent 
technoloar. 
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Procedural outcomes are the same 
for radial, brachial and femoral artery 
PTCA but entry failure is more 
common during transradial pro- 
cedures. Bleeding complications are 
more likely following transbrachial 
access, said Or Ferdinand Kiemeneij, 
of the Amsterdam Department of 
Intenrentional Cardiology during a 
presentation of data from the 
ACCESS study. 

The ACCESS group has randomised 
900 elective PTCA patients to either 
t/ansradial fTRA). transfemoral fTFA) 
or transbrachial (TBA) PTCA and 
interim results from 450 were 
^iresented. 



Or van Hout is in charge of the 
outcomes arm of Benestent 11 and he i 
promises it will be one of the least , 
biased studies yet performed. The • 
protocol includes direct gathering of \ 
resource use. indirect costs and j 
quality of life, in addition to patient 
passports, to track costs outside the 
trial.* 
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Antiplatelet drugs cut thrombosis and 
cause very few complications, 
according to Of Marie Claude 'Morice 
of the Inslitut Cardiovascutaire Paris 
Sud. France. Presenting preliminary 
dau from the MUST trial, she said 
260 stent patients treated with 
aspirin and ticlopidine had a sub- 
acute occlusion rale of just 1.15%. 
CABG was needed in only 0.38% of 
cases and Ml occurred in only 
1.92%. There were no vascular 
complications and only one case of 
gastro-intestinal bleeding. Most 
patients were discharged within two 
days. Or Morice's group has used 
antiplatelet therapy with reduced 
heparin in over 1.150 patients, vvith 
sub-acute thrombosis in tne region of 
1.2-1-6%. 
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STVor suppoms oammEjrr 
PTCA 

A sub-group of ACCESS patients 
triaged to outpatient status 
after coronary stenting suffered no 
major cardiac or vascular compli • 
cations. 

None of the 100 stent implant 
patients actually left hospital for 
safety and legal reasons, but the 
favourable outcome for the transradial 
PTCA group in general as well as the 
45 patients identified as safe-to- 
discharge form the basis for true 
outpatient angioplasty, said Or 
Kiemeneij. 

RADtAL ROlfTZ SUFFERS fJtOM 
OCCLUStOM 

Miniaturisation of angioplasty 
equipment has reldndied enthusiasm 
for radial artery catheterisatJon but it 
should not be used for coronary 
angiography because of the high rate 
of delayed occlusion. Procedural 
complications during transradial 
catheterisation are rare. However the 
late occlusion rate is over 10%. Or 
Laurent Quillet' of Trousseau 
University Hospital. Tours. France, 
told delegates at a session on 
technical improvements in PTCA. 

Transradial catheterisation reduces 
the risk of local haematoma. 
especially in the ^case of full 
heparinisation: allows more rapid 
mobilisation of patients and earlier 
hospital discharge: reduces pain: ana 
cuts hospital costs. The main 
drawback of the transradial approach 
is that it limits the maximum size of 
device, which excludes the Rotablator 
and the Viktor and Roubin stents. 

Or Quillet presented data from a 
201 patient risk/benefit analysis 
of left-radial catheterisation. 
Overall Success for angiography, 
balloon angioplasty and stenting 
was 98%. Radial patency for 
the nrst 106 patients was 88.7% 
at four months. Occlusion was 
not related to anticoagulation or 
gender. 

The left radial artery is slightly more 
awkward than the right from the 
physician's point of view, but most 
patients are right handed and the 
subclavian artery is a safer route 
than the innominate artery, said Or 
Quitlei. Conventional catheters can 
be used In either the radial or 
femoral artery. 
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Ml patients treated by primary 
angioplasty are more likely to sunrive 
three years, have less reinfarctions 
and bener ventricular function than 
those treated with streptokinase. 
Oaia from 301 patients in the Zwolle 
trial (Weezenlander Hospital. Zwolle. 
the Netherlands) shows that three- 
year mortality for primary angioplasty 
is 2.5% compared with 6.4% in the 
streptokinase group, in order to 
salvage viable myocardium, it is 
necessary to restore normal 
bloodftow rapidly and completely. 
However, thrombolysis fails to restore 
flow in 20% of patients and as many 
as half do not achieve full restoration 
of flow. Re-occlusion occurs in 15- 
30% of patients. 

Or Aylee Liem. a cardiologist at the 
Weezenlander Hospital, said that 
normal bloodflow was restored in 
97% of PTCA'treated patients and 
that the size of the infarct calculated 
from enzyme data, was smaller in the 
PTCA group. Average follow-up was 
31 months. 

There was no difference in medical 
costs between the two treatments. 
Higher initial PTCA costs were offset 
by lo*.ver readmissions. However, Or 
Liem cautioned that the study was 
undertaken at an experienced centre 
with 24.hour angioplasty facilities and 
on-site surgical back-up. *" 

UK TEAM usa MiMt-MI TO etjfte~ ' 
oesT/wcme CAmtoMroe/aw .% 

A team of cardiologists from the 
Royal Srompton Hospital in London ' 
has used a balloon technique to 
treat hypertrophic obstnictive cardio- 
myopathy. The technique, developed 
by consultant cardiologist Professor 
Ulrich Sigwart. uses a balloon to 
induce ischaemia In the part of the 
heart that is causing the obstntction. 
usually a region of the anterior wall. 

•We infarct the bulge.* said 
honorary senior registrar Dr Charles 
Knight, who presented the 
technique at the congress. When 
the relevant region has been 
identified, pure alcohol is passed 
down the catheter to kill the muscle 
permanently. " 

Obstructive hypertrophic cardio- 
myopathy causes exuberant muscle 
growth which can impede ejection 
from the left ventricle. It tends to " 


affect young people and can be 
fatal. Conventional treatment uses 
pacing to make the heart less 
wgorous or surgery to remove the 
obstructive myocardium. Pace- 
makers need to be replaced every 
ten years and surgery carries a 5% 
monality risk. Six patients aged 14- 
18 have been treated so far, and all 
are doing well, said Dr Knight. The 
balloon treatment requires only a 
two-day hospital stay, compared with 
a week to ten days for heart surgery. 

TRAHSGB«C coat may PREVOfT 
SnjfT RESTEMOSiS 

Israeli researchers say they have 
successfully coated stents with 
genetically engineered endothelial 
cells. Researchers at the Lady Oavis 
Carmel Medical Centre in Haifa. 
Israel, have succeeded in harvesting, 
transforming and culturtng human 
cells and are currently testing coated 
stents in animals. They hope the 
transgenic cells will produce 
antithrombotic agents until the 
endothelium of the coronary artery 
engulfs the stent: a process which 
normally takes several weeks. Or 
Moshe Flugeiman says the group 
hopes to start human clinical trials in 
the next 12 months. 

Td^YEAR FOiLOW Ur* SHOWS HIGH 

: sumTWL poft PTCA 

As many as 85% of PTCA patients 
survive at least ten years and almost 
half experience no subsequent 
cardiac events. A German study of 
555 patients who underwent single 
vessel PTCA between 1983 and 
1985 found that 11% had suffered an 
Ml. 20% needed bypass surgery and 
26% redtlatation. Only 15% died. 
Event-free survival was 47%, while 
60% of patients were asymptomatic 
and 20% no longer needed anti- 
anginal drugs - a measure of dittical 
restenosis. Most cardiac events 
oc^irred during the flrst year. 
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Intermedics' Res Q gets US 
pane! go-ahead 

intermedics- (US) Res Q arrhythmia W"^' f^;;''"^^^^ 
unanimous*/ recommended for ^l^'^^^'^l^l.^^i^ 
CtiaHatory System Ocvtaes Advisory Panel on August 21^ TJ^ 
SSaSeTevice is intended for patients ""J^^^ 
of «fdi3c arrest as deiermir«<J by a previous episode of loss 
of consciousness due to a ventricular artnythmia. 
Tne PMA included data from two prospective non- 
randomised trials that used historical 
Of an analogous device by Medtronic (US). The first of 
intermedics- Uiais - the Patch Study - enroled 178 
paiients who were followed for a mean of 24 monms after 
tne device was implanted. The second mal - the NIL 
- enrolled 235 patients who were followed for a """n of 17 
months after implantation. The device *«, '™5*'*J,.'"f ' 
the trials had started and only a total of 268 patients 
received the actual device reviewed by the panel. 
Apart from different leads, the study ^^^f 
The results were also similar, patient sunnval from sudden 
cardiac death was over 98% and one-year sur^val of an 
patients was over 90% in both stud.es. lj?«f 
considered acceptable when compared with historical data. 
Among issues considered by panel members ^a* the 
activation of several devices .^^TTJ^^^ 
through magnetic security monitors m ^tores^lntennedics 
is wording on this issue. Although patients need » "tum to 
me physician's office every four '"^"^^J" 
Cevice-s capacitor serviced, tney are not expected to be put 
at unacc-ptable risk if iMey miss me appointment. 
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St Jude gets clearance for 
pacemaker lead trials 

St Jude Medical has been granted US FOA clearance to- 
begin clinical trials of its Tendril DX active fixation leads, 
□evetoped by St Jude's cardiac rhythm business. 
Pacesetter, the lead contains a steroid matrix in its hela op 
which is released once the implanted lead comes into 
contact with body fluid, "me steroid is intended to suppress 
the body's inflammatory response to a foreign substaiwe. 
The lead's electrode tip is coated with titanium nitride, 
which reduces polarisation and increases sens;nj 
charaaeristics. says St Jude. 'The smooth active fixation 
mechanism is designed to reduce the dislodgements more 
frequently associated with passive fixation leads thus 
resulting in the potential for earlier paUent <«5Ch«JM. 
says Pacesetter's president. Eric Sivertson Tendnl DX 
leads are available in five lengths and can be placed m 
either the atrium or the ventricle. 

Guidant initiates US stent trial 

Guidanfs Advanced Cardiovascular Systems division has 
i initiated human clinical trials of its MultRjnk. stent. The 
1 15 mm device Is constructed from linked nngs and is 
mounted on a deliveiy system that '^'^"^ 
of lov^rofiie balloons. An elastomer membrane « 
uansfer inflation force evenly from the balloon to the stent. 
The US Implants, which took place at the end of August, are 
Tart of an SSal study that will be followed ^J^^^^^^^^ 
multicentre trial. Clinical trials '"/""P* i^^J^^^" ''^t^, 
last year. WEST - the Western Europe Stent Tnal - v«n 
eventually include 100 patients at seven centres while the 
Japanese study will include 60 patients at three sites. 


In brief 

Q Vint }mptsnt3 for Guldant/CPt's ^^"^.^ W'"' 
The first implants of Guidant subsidiary Cardiac 
^acemaW VentaK Mini family of -^"^^^^'^^^^ 
cardioverter defibrillators have been earned oy^ r^^^^^^^ 
The company claims that, at 68 cm3 and ^''B'^'^S ^^S g. 

tei iS^ submodel 2950 ProgrBmmer.econ3er^orutor. ^ 
Sfo incorporates CPl's opUma, '''Pj'^.^- ^^^'^^^^^^n,^ 

lowering the e"«^ay^«"j^*,'"l?l!j^J^to i«ist 
correction, and sa minutes of stored electrograms to ass 
in programming and <o1Iovmjp. 
□ New pacemaker monttor from Instromedlx 
Ss^omJ^US) has rec^Ned US TOA 
iu CarryAll pacemaker monitor. The P?'?*''* "fjL J]!?ccs 
patienS^to relay infomiatlon about their «"P'a"^'^^J,7'^ 
home tdSeir heaWv^re l^li^- « ';^3rresponaT:2 
sinile chJSber. dua^ chamber ^"fl '/^^^''S^egoo- 
pacemakers- in unipolar •"^j''SS^*?lTa^g^"s enable 
based Instromedix says- the Carroll s »'eo"^ , 
better discrimination between P«=^ "^^^^ ^ivity 
as wen as Ifliproved vis«alisaUon of heart electncai acu 
and pacing abBlty to stimulate the heart. 


